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Introduction

From the mid to late 1990s, the Defence Evaluation and Research Agency (DERA),
Farnborough, United Kingdom, conducted a rotary-wing (helicopter) research effort
known as the Day/Night All Weather (D/NAW) program. The principal aim of this
~ program was to enable safe tactical helicopter flight in severely limited visibility. The
major focus of the program was advanced helmet- or head- mounted display (HMD)
technologies and the associated symbology design issues (Crowley, 1998).

HMDs are devices or systems that present the pilot(s) with pilotage imagery, flight
information, and/or fire control (weaponry) imagery and symbology (Rash (Ed.), 1999).
They are, by definition, head- or helmet-mounted systems. Melzer and Moffitt (1997)
describe an HMD as minimally consisting of *“an image source and collimating optics in a
head mount.” Rash (1999) expands this description to include a visual coupling system
which performs the function of slaving head and/or eye positions and motions to one or
more aircraft systems. Examples of rotary-wing HMDs include the U. S. Army’s fielded
Integrated Helmet and Display Sighting System (IHADSS) used on the AH-64 Apache
attack helicopter and the under-development Helmet Integrated Display and Sight System
(HIDSS) to be used on the RAH-66 Comanche helicopter.

From March to September 1997, under the auspices of the D/NAW program, a series of
flights was flown to establish baseline flight performance for future HMD performance
comparisons. These flights consisted of several flight path maneuvers (e.g., slalom, rapid
egress, side-step, etc.) and visual environments, defined by the mode of visual information
presentation (i.e., unaided day, using night vision goggles (NVGs), and using two HMD

configurations). For safety considerations, all flights except with NVGs were conducted
during the day.

As an aside to the normal flight performance parameters measured during the flights,
head azimuth, elevation, and roll position data also were collected, not as part of the
experimental design but as standard practice. This paper reports the analysis of the
elevation data for the slalom maneuver. An analysis of azimuth head motion was
presented in Rostad et al., 2001. (Roll data analyses will be presented in a future report.)

The availability of this head position data is advantageous for two reasons. First,
extremely limited operational head position data have been presented in the literature.
And, very little of this has been collected in the operational flight environment using
HMDs. Second, for the same flights for which head position data are presented here,
measures of motion sickness symptoms, pre- and postflight, were made. In order to test
the hypothesis that motion sickness symptoms may be correlated with differences in head
motion attributed to the different visual environments (or conversely, head motion is
affected by the onset of motion sickness symptoms due to different visual environments),
it is necessary to be able to describe the different visual environment head position
distributions using a set of parameters (e.g., central moments).




Background

A major operational characteristic of HMDs is their capability to allow the pilot to
control external imaging sensors and weapons via head movement. This head slaving
capability is achieved through the use of head trackers of various technologies, e.g.,
mechanical, electro-optical, magnetic, ultrasonic, etc. Most recently, magnetic systems
have been the most widely used head tracking technology and are considered to be
relatively mature for use in the aviation environment (Borah, 1998). The performance of
a head tracking system (sometimes referred to as a visually coupled system [VCS]) is
determined by a number of parameters, which include motion box size, pointing angle
accuracy, pointing angle resolution, update rate, and jitter. Specifications for these
parameters usually are affected by the aircraft platform (fixed wing and rotary-wing). A
more detailed discussion of tracking performance parameters can be found in Kocian and
Task (1995).

Despite the immense popularity of HMDs, there has been only a relatively small
increase in studies investigating visually coupled systems. Most of these studies have
looked at the performance of head (or eye) tracking technologies (Borah, 1989; Robinson
and Wetzel, 1989; and Cameron, Trythall and Barton, 1995) or head motion prediction
(Azuma and Bishop, 1995; Curtis and Sowizral, 1994). However, there has been very
limited data collected and made available on head position and velocity within the
operational flight environment, especially for flights using HMDs.

Several anatomical and biomechanical studies have reported values for range of head
motion for elevation (up and down). The reported ranges of these values, as well as for
peak velocity and acceleration, are presented in Table 1. Note that only a few of the cited
studies indicated clearly as to whether or not neck and shoulder participation was included
in the reported values. Caution must be taken when reviewing the values for head motion
in Table 1. These values, based on laboratory anatomical and biomechanical measures,
would most likely be reduced in an operational cockpit where seat, restraint system and
cockpit design present physical obstructions and other limits to allowable ranges of
motion. In addition, it has been shown that head motion is reduced by inertial loading
such as that induced by the increased head supported weight of HMDs (Gauthier, Martin
and Stark, 1986), and the increased neck muscle loading associated with the use of HMDs
increases fatigue which may indirectly reduce the frequency and range of head motion
(Phillips and Petrofsky, 1983).

The studies summarized in Table 1 do not represent a description of head motion values
as would be encountered in actual flight scenarios. Only two studies could be found
which collected and presented head motion data during actual flight conditions.
Szoboszlay et al. (1995) investigated the effect of field of view (FOV) restriction on
rotary-wing pilot workload and performance in an instrumented NAH-1S Cobra. In this
study, pilots executed seven flight maneuvers adapted from the U.S. Army Aeronautical
Design Standard (ADS) 33D (U.S. Army Aviation and Troop Command, 1994). The
flight maneuvers were slalom, acceleration/deceleration, hover, bob- up/turn/bob-down,
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Table 1.
Reported anatomical and biomechanical elevation head motion ranges.

Allen and Zangemeister and | Sherk Glanville and Durlach and
Webb Stark (1981) (1989) Kreezer (1937); Mavor (1995)
. (1983) Hertzberg (1972)
Elevation (total) -10°to0 25° - - -60° to 60° —
See note.
-flexion only — - 54°.74° — ——
* -extension only _ _ 39°.93° _ _
Peak velocity -— --- - -— 300°/sec
Peak - 551°/sec” for 5° - - -
acceleration head movement
3300°/sec” for 60°
head movement

Note. Values do not include neck participation.

hovering turn, pirouette, and precision landing. These maneuvers were executed in the
daytime under good visual conditions with no precipitation. Cockpit instruments were
covered in order to force the pilot to rely on the outside scene cues. Trials were flown for
six FOV configurations ranging from 20 degrees to 100 degrees in 20-degree increments
and for an unrestricted (natural) FOV condition. One of the performance parameters
measured was time spent at specific azimuth and elevation positions. Figure 1 shows the
resulting histograms of the elevation angle, respectively, of the head position for a typical
pilot during one of the bob-up maneuvers. The elevation histograms (Figure 2) show an
increase in head motion as the horizontal FOV was decreased.

RORITPRINENIVN

% Time Spent at Elevabion Range

At

Figure 1. Head elevation angle histograms for a single pilot for the bob-up
maneuver. (Szoboszlay et al., 1995).




Perhaps, the most pertinent study to this current paper was conducted by Verona et al.
(1986), where head motion data were collected from six pilots as each flew a modified
UH-1M Huey helicopter over a circular 15-mile contour course. (Data from one of the six
pilots (#2) were not incorporated in the analysis due to loss of boresight.) All of the pilots
were rated in the UH-1M aircraft, and pilot #4 was an Army MEDEVAC pilot with
previous search and rescue experience. The pilots also were required to visually search
for an “enemy” aircraft which could appear anywhere, while flying the contour coarse. A
head tracking system was used to measure the pilot’s head motion. The system provided
coverage of £180° azimuth and -90° to +30° elevation with 0.5° accuracy. The head
tracking data were collected over two flights of 25-minute duration per pilot with head
position samples taken every 40 milliseconds (ms). All of the flights and data acquisitions
were conducted on the same day. Of the five remaining pilots, three flew in the morning
and two flew in the afternoon. They were not told that head motion was the focus of the
study; instead, they were advised that they were assessing a new helmet fit. The subject
pilots sat in the left seat of the aircraft.

The first and last 3 minutes were not used in the analysis, which consisted of position
and velocity frequercy histograms for azimuth and elevation from the head tracking line-
of-sight data. The elevation position histogram collapsed across the remaining five
subjects is presented in Figure 2. Figure 3 shows the corresponding velocity histogram.
The summary statistics for mean, median, standard deviation (SD), skewness and kurtosis,
collapsed across the five pilots for elevation position, are presented in Table 2. Summary
statistics for elevation velocities are presented in Table 3. Percent relative cumulative
frequency curves for elevation velocities are presented in Figure 4.

The elevation position data and statistics, Figure 2 and Table 2, showed a range of -65°
to +30°. (Note: 0° is directly in front of the left-seated pilot, not at the center of the
aircraft.) The major peak occurred at -1°. The small hump at -40° corresponds to the
position of the chin transparency in the lower front of the aircraft. The pilots spent 95
percent of their time between -14° and +14°; the pilots’ heads remained essentially level.
The standard deviations for elevation were not as large as for azimuth, as would be
expected since elevation range of motion is more limited. The negative medians indicated
the pilots were looking down more often than they were looking up.

Table 2.
Elevation position summary statistics.
Subject Mean | Median | S.D. | Skewness | Kurtosis
Elevationposition [1.c |~ |~} oo e

1 -3.73 -3.14| 3.85 0.40 8.96

3 -3.03 -2.27| 6.26 -2.64 20.00

4 -6.39 -3.24 | 12.31 -1.62 3.55

5 -2.32 047] 7.25 -2.32 24.31

6 3.13 441] 6.86 -3.67 26.32

All 5 subjects -2.09 -1.08 | 8.46 -2.25 11.79
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Table 3.
Elevation velocity summary statistics (Verona et al., 1986).

Subject Mean | Median | S.D. | Skewness | Kurtosis
Elevation velocity | SRE N B
1 36.23 | 30.91] 28.10 1.11 1.52

3 37.08 | 32.10] 28.11 0.99 1.07

4 35.78 | 29.71{ 29.57 1.45 2.96

5 43.69 | 38.73] 32.15 1.04 1.37

6 37.16 | 32.08 ] 28.81 1.19 1.98

All 5 subjects 37.93 32.50 ] 29.46 1.17 1.81
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Figure 4. Percent relative cumulative frequency versus elevation velocity (Verona et
al., 1986).

The summary of statistics for elevation velocities is presented in Table 3. The
variability between subjects was greater than the variability within subjects, underlining
the role of individual differences in search dynamics. The within-subject variability in the
median ranged from approximately 1°/sec to 11°/sec, and between-subject differences in
the median for all the pilots combined ranged from approximately 0°/sec to 9°/sec. In
addition, the medians were again smaller than the means, indicating more data points at
the lower velocities.




The relative cumulative frequency curves of the velocity data (Figure 4) indicated that
50 percent of the elevation velocities were less than or equal to 32°/sec. The curve also
showed that 90 percent of the elevation velocities were less than or equal to 80°/sec. As
an aside, approximately 98 percent of the elevation velocities were equal to or less than

120°/sec, the maximum slew rate of the thermal imaging system selected for the AH-64
Apache helicopter.

In a summary of Verona et al. (1986), it was found that the concentration of elevation
head positions indicated that the pilots looked primarily forward, even though the flight
scenario required a large range of head movements for the search task. In addition, this
study supported a maximum slew rate of 120°%/sec.

The findings presented herein attempt to expand the small database of elevation head
position and velocity values for actual flight scenarios while wearing HMDs.

Experimental design

The original overall study design for the flights consisted of six flight maneuvers, two
levels of aggressiveness (LOAs) and four visual conditions. Each of these factors is
described in the sections below. A full flight trial was limited to approximately 90
minutes in duration. A flight was defined as consisting of a varying numbers of “runs”
where a “run” was the completion of the full set of all six maneuvers at a given LOA by a
single pilot for one of the four visual conditions. While the elements of the experimental

design are briefly described in the following sections, detailed discussions can be found in
Rostad et al., 2001.

Instrumentation

Aircraft

All flights were in a Lynx ZD285 helicopter (Figure 5), which is a standard Lynk AH -
Mk 7 airframe with Gem Mk 205 engines but modified to exclude infrared SuUppressors,
missile mounts, or other role equipment. The aircraft was configured for two
experimenters seated in the rear cabin; an evaluated pilot, who served as a subject, in the
front left seat; and a safety pilot in the front right seat. The instrument panel was modified
to provide the safety pilot with ready access to all normal cockpit instruments. The

subject pilot was provided with a cut-down panel providing primary flight instruments
only.

An additional aircraft modification was the outfitting of all forward cockpit windows
(but not overhead windows) with custom amber-tinted panels. The purpose of this
modification was to allow the day-use, simulated HMD visual environment.




Figure 5. The DERA Lynx research helicopter outfitted with custom amber-tinted
panels.

Visually coupled system (VCS)

The VCS was comprised of a direct current (DC) electromagnetic head positioning
system (HPS) with a transmitter affixed to the airframe close to the subject pilot’s head
with a sensor attached to his helmet. The HPS provided six degrees of freedom (DOF)
output over a large range of head movements. The platform could be directed to the HPS
line of sight over a range of + 120° azimuth and +30° to -90° elevation at a maximum
rate of 110°/sec. The platform also carried a thermal imager derived from the Class II
Thermal Imaging Common Module (TICM) Il with an FOV of 55° horizontal by 37°
vertical, producing a raster output in a 625 line/50 Hz format. A Radstone symbol
generator was used to produce symbology.

The HPS sampled head position approximately every 5 ms. However, to reduce the
volume of the data for storage and analysis, the available head position data files were

transformed to 100 ms (0.1 sec)-samples.

Helmet- mounted display (HMD)

The aircraft was equipped with an HMD, manufactured by GEC, which used 625
line/50 Hz miniature (1-inch diameter) monochrome cathode ray tubes (CRTs) as image
sources (Figure 6). The optical train provided a fully overlapped 53° horizontal by 37°
vertical FOV. Although capable of binocular operation, the HMD was driven by a single
video channel in a biocular mode (same image in both eyes). The HMD could display
symbology only (not used in this study), thermal imaging only (TIO), or combined
thermal imaging and symbology. The HMD imagery was relatively dim and could not be
seen easily under daylight conditions. For safety reasons, flights in this study were
conducted only under daylight conditions. For this combination of reasons, a modification
to the HMD was necessary.



Figure 6. Flight helmet with 53-degree FOV HMD.

Simulated degraded visual environment (SDVE)

The daytime study flight requirement created several problems:
* The HMD imagery was difficult to see against the bright daytime sky.
® The flat surfaces of the HMD combiner optics resulted in numerous reflections
that distracted and disoriented the pilot.

® The daytime visual environment was full of visual cues that were absent during
night flight.

Therefore, to be able to use the HMD during the required daytime flights, a novel hood
assembly referred to as a SDVE was developed (Crowley, 1998). The SDVE consisted of
a full HMD hood assembly and a blue filter that was complementary to the amber screens
already in place over all cockpit transparencies except the overhead panels. The
combination of the amber and blue filters prevented exterior viewing by the subject pilot.
The hood assembly consisted of a tailored fire-retardant black cloth hood worn over the
pilot’s helmeted head (Figure 7).

The subject pilot could not see anything directly outside the aircraft but was able to
view his arms, the controls, most of the instrument panel, and the left side cockpit
structure when looking ahead. The instrument panel was heavily tinted and darkened due
to a dark blue filter. This made it so that pilots could not read any numbers on the gauges
but could make out the main needle on the bigger gauges.

>

9




Figure 7. SDVE system.

Night vision goggles (NVGs)

A single pair of Fenn NG600 (Gen III) NVGs was used for all flights. The Fenn
NG600 was 3rd GEN and had a 47° circular FOV.

Subjects

There were 4 subject pilots, all male. Ages were 31, 33, 34 and 37 with 1500, 1830,
2000 and 2700 flight hours, respectively.

Visual environments

The study employed four types of visual environments. These environments were:
Good visual environment (GVE)

Night Vision Goggles (NVG)

Thermal imaging only (T1O)

Rotary-wing symbology (RWS)
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GVE flight was conducted in a normal daytime environment only when “good
visibility” was available. These flights served as a baseline to document a reference level
of functional quality performance.

NVG flights were flown in a nighttime environment using the Fenn NG600 night vision
goggle system. A mean ambient light level of 10 milliLux was the target illumination
level. However, any illumination within the range 5-50 milliLux was deemed acceptable.

Along with the GVE flights, these flights also were used to develop a baseline for
evaluating the VCS.

TIO flights were flown in a daytime environment using the SDVE hood and amber
filter windscreen systems. Under the SDVE, the subject pilots were presented with
thermal imagery only on the 53° HMD. No symbology was presented.

RWS flights were flown in a daytime environment using the SDVE hood and amber
filter windscreen systems. Under the SDVE, the subject pilots were presented with
thermal imagery and symbology on the 53° HMD.

Flight maneuvers

Flights were flown during the period mid-March to late-September 1997. The subjects
flew a total of six maneuvers: Slalom, curved approach, hovering (spot) turns, rapid
egress, bob-up/down, and sidestep. The focus for this analysis is on the slalom maneuver
due to its more consistent flight pattern and easily defined flight cycle.

All six maneuvers were performed successively in each run starting with the slalom and
ending with the sidestep maneuver. Under ideal conditions, the maneuvers would be
randomly presented. However, this counterbalancing design was not possible because the
VCS was not available during the first two months of planned flights.

All flights were conducted during daytime hours, with the exception of the NVG flights.
Flights occurred in the region of southern England known as the Salisbury Plain training
area at a location known as Haxton Down, approximately 6.6 miles (11 kilometers) north
of the Boscombe Down airfield. All flights approached the test area by originating from
the Boscombe Down airfield via a set route flown by the safety pilot at 90 knots indicated
airspeed (KIAS) at 200 feet above ground level (AGL), descending to 50 feet AGL on
approach to the course. The safety pilot aligned the aircraft over the track and handed the
controls over to the subject pilot at an appropriate ground speed, at 50 feet AGL, and at a
point at least 200 m (650 feet) prior to the first slalom turn. Ground speed at release was
to be approximately 30 knots for low LOA and 40 knots for moderate LOA.

There were two LOA: Low and moderate. Low LOA consisted of the use of uptoa
thirty-degree angle of bank (AOB), as required, and a moderate speed (> 0 knots, but 30
knots desired) to achieve an unhurried progression through the course. Pedal-assisted
skidding turns were acceptable. There were no time constraints. The moderate LOA
intended to exploit the full VCS flight envelope as far as possible and to target 30-degree
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AOB in all turns with up to 45-degree transients (at safety pilot discretion). Speed was

adjusted to achieve rapid progression through the course with an appropriate turn radius
(>0 knots, 40 knots desired). Pedal-assisted skidding turns were again acceptable. The

required slalom course maneuver completion time was less than 90 seconds.

The slalom segment of the test course consisted of a south to north transit through the
Haxton Down area at nap of the earth (NOE) heights and speeds. At Haxton Down, a
convenient group of south-north oriented woods labeled Woods One through Four (with
“gates” between woods), with intervening east-west avenues, provided a serpentine
(slalom) course. The directions of the progressive course turns were: Right, followed by
two left turns, two more right turns, and ending with two left turns (Figure 8). Ground
track was maintained as close as possible (but not less than 5 meters) from N-S edges of
woods, and as close as possible to centerlines of E-W avenues.

ek A A j
. A A

North

Figure 8. Representative flight path for slalom flight maneuver.

Six performance objectives were defined for the study: 1) Ability to maneuver with
respect to ground features in NOE flight in the degraded visual environments (NVGs and
HMDs), 2) Ability to maintain spatial awareness and obstacle clearance during a complex
multi-axis maneuver, 3) Check for undesirable display dynamics when performing
maneuvers representative of moderately aggressive NOE flight, 4) Ability to control
height during turning flight, 5) Ability to adjust airspeed to maintain a ground track
defined by obstacles, and 6) Ability to control sideslip in turns at moderate airspeed.
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Database

The provided head motion database consisted of 628 files. The files were divided into
33 subdirectories, where each subdirectory contained the files for a given flight. A flight
was defined as consisting of a varying numbers of “runs” where a “run” was the
completion of the full set of all six maneuvers at a given LOA by a single pilot for one of
the four visual conditions. A given file in the database cortained data pertaining to a
single subject for one combination of LOA, flight maneuver, visual environment, and type
of run (practice, intermediate or full). There were 107 files for the slalom maneuver.

This analysis focused on head motion for the slalom maneuver. Of the 107 files
provided in the database, four were eliminated from the analysis due to missing or
corrupted data. This left 103 files for analysis.

Data analysis

The question to be answered by this analysis was: Were the distributions for head
motion position (and velocity) different for the four visual environments? The head
motion data files under analysis herein for the slalom maneuver were a time series of head
elevation position values for four different visual environments, confounded by two levels
of aggressiveness and three run types. In addition to analyses of position data,
transformations on these data included construction of velocity, reversal and excursion
distributions. Briefly, a reversal was defined as a change in head motion direction (e.g.,

turning from looking up to looking down) and an excursion was defined as the change in
angular position between two reversal points.

Data preparation

The slalom files consisted of data collected for a flight pattern flown over a set course
running north and south with the turns going east and west (F igure 8). In order to be able
to compare across subjects and visual conditions, it was decided to equalize across files by
using data over a defined section within the slalom maneuver. This section, referred to as
a cycle, was defined as shown in Figure 9. A cycle consisted of two ri ght hand turns and
two left hand turns. We also wanted to include a small portion before and after the turns
in order to capture pilot head movements during preparation for and recovery from turns.
In order to do this consistently, the means of the minimum and the maximum values of the
longitude both prior and following the four turns were calculated. The point where the
longitude exceeded the mean before the first right hand turn was used as the start point of
the cycle. Where the longitude fell below the mean after the last left hand turn was used
as the end point of the cycle.

Once a cycle was defined for each file, the data were smoothed using a three-point
moving average routine in preparation for analysis.




Start End

Figure 9. Definition of cycle used in analysis to equalize the slalom maneuver.
Data analysis methods

Multiple approaches were used to answer the research question. The first approach was
to transform all of the position time series data into histograms that represented position
distributions. Then, the distribution moments (and additional distribution statistics) were
calculated for each distribution. The second approach was to construct graphical
representations of the distributions in the form of box plots.

A distribution can be fully defined by four moments: Mean, variance (or standard
deviation), skewness, and kurtosis. However, it is useful to calculate additional
distribution statistics (e.g., minimum, maximum, median, interquartile range (IQR), etc.).

Position analyses

Position distribution histograms

The use of histograms to represent the position distributions is a fundamental technique
to allow an overall appreciation of head motion. The histograms presented herein use 1-
degree intervals. There were 103 elevation position distributions available for analysis.
The resulting position histograms are presented in Appendix A. Subject #1 has a total of
25 histograms that represent the various combinations of LOA, run type and visual
environment; subject #2 has 24 histograms; subject #3 has 34 histograms; and subject #4
has 20 histograms.

In the following sections, negative values are associated with the pilot looking
downward and positive values are associated with the pilot looking upward.

Individual position distributions

These individual distributions are worth examining for general characteristics and
trends for each subject and visual condition. Such an examination yields the following:

Subject #1. The individual head position distributions for subject #1 (Figures A-1 to A-4,
Appendix A) present the following characteristics: a) The distributions were
unimodal; b) for GVE and NVG, there appeared to be two distinct types of
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distributions that had medians that clustered about either -15° or -25°; ¢) for GVE,
all means and medians were negative, implying the pilots were always looking
down as compared to the 0° straight-ahead direction; d) all distributions were fairly
symmetrical; e) for TIO and RWS, there were well defined central modes, slightly
negative of 0°, and all medians were clustered about -2°; and f) for TIO and RWS,
the overall range appeared tighter than for the GVE and NVG visual environments.

Subject #2. The head position distributions for subject #2 (Figures A-5 to A-8, Appendix
A) present the following characteristics: a) There appeared to be greater variability
in overall range than for subject #1; b) for GVE and NVG, the distributions
presented medians clustered between -15° and -20°; ¢) all means and medians were
negative; d) all distributions were unimodal; and e) for TIO and RWS, the medians
clustered about -5°.

Subject #3. The head position distributions for subject #3 (Figures A-9 to A-12, Appendix
A) present the following characteristics: a) All distributions were unimodal; b) for
GVE, the medians were clustered about either -15°; ¢) for NVG, all medians
clustered about either -15° or -30°; d) for NVG, the range of position values had
greater variability than for subjects #1 and #2; and €) for TIO and RWS, all
medians were clustered about -5°.

Subject #4. The head position distributions for subject #4 (Figure A-13 to A-14,
Appendix A) present the following characteristics: a) For GVE, the medians varied
more than for all other subjects; b) for NVG, there was a higher range of position
values, as for subject #3; and c) all means and medians were negative.

Note: Head position data for subject #4 were not available for TIO and RWS
visual environments.

Combined distributions

This rather large aggregate of histograms makes it difficult to compare head motion
across visual environments. To overcome this problem, the authors have argued that
distribution comparisons can be based on combined distributions that are total data sets
formed by combining data from all runs for a given visual environment (Rostad et al, In
press). These combined distributions are not based on the average of individual runs but
rather the summation of individual runs.

The general tenet of the argument for basing analyses on combined distributions is that
the influence of the LOA and run type confounds, contributes to, but does not define, the

general shape and characteristics of the head motion distribution for a given visual
environment.

Based on this argument, Figures 10-13 present the combined elevation position
distributions by subject and visual environment. Note that head position data for subject
#4 were available for only two visual environments, GVE and NVG. As with the
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individual distributions, these combined distributions also can be examined visually for
general characteristics and trends, which should generally be similar to those found for the
individual distributions. The following observations are made:

Subject #1. The combined GVE head position distribution for subject #1 (Figure 10)
present the following characteristics: a) It is bimodal with modes at -15° and -27°,
and b) the approximate range is -7° to -44° with an outlier near —52°.

The combined NVG head position distribution for subject #1 (Figure 10) present
the following characteristics: a) It is bimodal with modes at -14° and -27°, and b)
the approximate range is -7° to -46°.

The combined TIO head position distribution for subject #1 (Figure 10) present the
following characteristics: a) There is a strong central mode at approximately 0°,
and b) the approximate range is +9° to -11°.

The combined RWS head position distribution for subject #1 (Figure 10) present
the following characteristics: a) There is a strong central mode at approximately
+1°, and b) the approximate range is +8° to -11°.

Subject #2. The combined GVE head position distribution for subject #2 (Figure 11)
present the following characteristics: a) There is a strong central mode at -16°, and

b) the approximate range is -2° to -41°.

The combined NVG head position distribution for subject #2 (Figure 11) present
the following characteristics: a) It is bimodal with modes at -12° and -21°, and b)
the approximate range is +2° to -30° with an outlier at -35°.

The combined TIO head position distribution for subject #2 (Figure 11) present the
following characteristics: a) There is a strong central mode at approximately -5°,
and b) the approximate range is +7° to -17°.

The combined RWS head position distribution for subject #2 (Figure 11) present
the following characteristics: a) There is a strong central mode at approximately
-7°, and b) the approximate range is +3° to -18°.

Subject #3. The combined GVE head position distribution for subject #3 (Figure 12)
present the following characteristics: a) There is a strong central mode at -15°, and
b) the approximate range is -5° to -28°.

The combined NVG head position distribution for subject #3 (Figure 12) present

the following characteristics: a) It is bimodal with modes at -14° and -30°, and b)
the approximate range is +1° to -41° with an outlier at -45°.
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Figure 10. Combined position histograms for subject #1.
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Figure 13. Combined position histograms for subject #4.

The combined TIO head position distribution for subject #3 (Figure 12) present the
following characteristics: a) There is a strong central mode at approximately -6°,
and b) the approximate range is +13° to -18°.

The combined RWS head position distribution for subject #3 (Figure 12) present
the following characteristics: a) There is a strong central mode at approximately
-5°, and b) the approximate range is +8° to -21°,

Subject #4. The combined GVE head position distribution for subject #4 (Figure 13)
present the following characteristics: a) It is bimodal with modes at -2° and -17°,
and b) the approximate range is +8° to -28°.

The combined NVG head position distribution for subject #4 (Figure 13) present
the following characteristics: a) It is bimodal with a ill-defined mode at -10° and a

well-defined mode at -27°, and b) the approximate range is +7° to -38°.

Note: Head position data for subject #4 were not available for TIO and RWS
visual environments.

Having examined both the individual and combined position distributions, further
discussion is required regarding the argument to base analyses on the combined rather
than individual distributions. The combined GVE distributions for subjects #1 and #4 and
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the NVG combined distributions for all subjects appear as bimodal. However, all of the
individual distributions for these subjects and visual conditions are unimodal. An
inspection of the individual distributions in Appendix A shows that this bimodal nature
seen in the identified combined distributions arises from a dichotomy that exists in a
grouping characteristic of the individual distributions. The authors are presented with a
dilemma. This dilemma is whether to continue with the argument to base analyses on the
combined distributions or to disengage this argument in light of the unimodal
characteristic of all of the individual distributions.

In an attempt to explain the dichotomy, the authors looked for explanations for the
bimodal characteristic. Discussions with pilots lead to the possible explanation that, for
NVG flights, the NVG mount can often be positioned at different angles to the eyes.
Since an examination of the individual distributions showed that the modes indeed were
grouped by runs within a single flight, this was considered a rational explanation.
However, this explanation does not extend to the GVE runs, since it is unlikely that a pilot
would have a helmet fit which would vary by as much as 15°, the typical difference
between the two elevation position modes. Continued discussions with pilots failed to

produce any single reason why the subject pilots would exhibit the two varied head
position modes.

The essence of the argument for basing analyses on combined distributions is that no
distribution for any single run is identical to the distribution for another run, even for the
same subject and visual condition. And, when position data from a large number of
individual distributions are combined, a general pattern will emerge. Therefore, while in
this instance, attention will be paid to the unimodal nature of the individual distributions,
analyses will be based on the combined distributions since it is argued they represent the
better picture of head motion exhibited by pilots while using HMDs.

Moments and additional distribution statistics

While distribution shape provides a basic understanding of the ongoing head motion,
the semi-quantitative nature of distribution histograms does not allow for analytical
comparison. For this reason, distributions often are described or defined by the
distribution’s moments. There are four such moments: First (mean), second (variance or
standard deviation), third (skewness), and fourth (kurtosis). 1t is also useful to calculate
additional distribution statistics, e.g., minimum, maximum, median, etc.

Summary individual and combined distribution moments and statistics tables for all
subjects, grouped by visual environment, are provided in Appendix B. However,
accepting the argument that comparisons can be based on the combined distributions, a
summary of distribution moments and statistics by subject and visual environment for the
combined distributions only is presented in Table 4. Examination of Appendix B and
Table 4 lead to the identification of a number of characteristics and trends:




Table 4.
Combined elevation position summary by subject and visual environment.
(Time expressed in seconds; Other dimensional statistics expressed in degrees)

Subject Visual Mean Min Max | Mean Median S.D. IQR Skew Kurt
Environment Time
1 GVE 57.6 -52.7 -8.1 -22.9 -24.3 7.2 -28.8 to —16.2 0.0 -1.1
1 NVG 66.7 -46.0 -4.8 -21.3 -22.4 6.9 -27.2to-15.1 0.1 -1.1
1 TIO 105.3 -11.9 7.0 -1.8 -1.7 2.8 -3.6t0 0.0 -0.1 0.3
1 RWS 109.4 -11.6 6.1 -0.2 0.2 24 -1.7to 1.4 -0.6 0.7
GVE 60.5 -42.0 2.7 -18.0 -17.7 4.7 -213t0-14.6 -0.2 0.2
NVG 75.3 -35.7 0.4 -15.5 -14.2 6.4 -21.4t0-10.8 -0.2 -0.9
TIO 80.2 -17.3 9.8 -6.0 -6.0 33 -8.1t0-4.2 0.4 1.3
RWS 77.6 -19.1 1.8 -7.3 -7.2 3.1 -9.3 to 5.1 -0.2 0.1
3 GVE 56.5 -29.7 -5.4 -15.8 -15.8 3.1 -17.9to-13.6 0.0 0.0
3 NVG 58.3 -45.5 -0.3 -24.8 -28.2 9.1 -31.8to -16.8 0.7 -0.7
3 TIO 82.8 -18.1 12.6 -5.9 -6.4 4.1 -8.5t0-3.9 1.0 24
3 RWS 62.2 7.5 -6.0 -6.1 4.5 -8.8 to -3.6 0.3 0.4
4 GVE 6.7 -13.5 -16.3 8.8 -20.9 to 4.8 0.4 -1.2
4 NVG 60.8 5.7 -21.7 -25.2 9.2 -28.1to-14.7 1.0 -0.1

Subject #1. The summary GVE head position distribution statistics for subject #1 present

the following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -16° or -27°; b) the combined median was
~-24.3°; c) for the combined distribution, elevation head position was always below
the straight-ahead line of sight, ranging from —8.1° to —22.9°; and d) the IQR was —
28.8° to —16.2° (12.6°).

The combined NVG head position distribution statistics for subject #1 present the
following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -15° or -26°; b) the combined median was
—22.4°; c) for the combined distribution, elevation head position was always below
the straight-ahead line of sight, ranging from —4.8° to —21.3°; and d) the IQR was
-27.2° to—-15.1° (12.1°).

The combined TIO head position distribution statistics for subject #1 present the
following characteristics: a) The individual distributions were unimodal having a
combined median of —1.7°; b) elevation head position ranged both below and
above the straight-ahead line of sight, from —11.9° to +7.0°; and c) the IQR was
-3.6° to 0.0° (3.6°).

The combined RWS head position distribution statistics for subject #1 present the

following characteristics: a) The individual distributions were unimodal having a
combined median of 0.2°; b) elevation head position ranged both below and above
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the straight-ahead line of sight, from —11.6° to +6.1°; and c) the IQR was
-1.7° to 1.4° (3.1°).

When these four visual environments characteristics are studied in comparison for
subject #1, the following observations were made: a) The medians were negative,
except RWS, which was barely positive at 0.2°; b) GVE had the largest IQR
(12.6°) and SD (7.2°); ¢) TIO and RWS were very similar in characteristics and
had the smallest ranges and IQRs; and d) both GVE and NVG individual
distributions were grouped about two different modes.

Subject #2. The summary, GVE head position distribution statistics for subject #2 present
the following characteristics: a) The individual and combined distributions were
unimodal having a combined median of —17.7°; b) for the combined distribution,
elevation head position was always below the straight-ahead line of sight, ranging
from —42.0° to -2.7°, and c) the IQR was —-21.3° to ~14.6° (6.5°).

The combined NVG head position distribution statistics for subject #2 present the
following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -11° or -22°; b) the combined median was
—14.2°; ¢) for the combined distribution, elevation head position was mostly below

the straight-ahead line of sight, ranging from —35.7° to 0.4°; and d) the IQR was
—21.4° t0 —10.8° (10.6°).

The combined TIO head position distribution statistics for subject #2 present the
following characteristics: a) The individual distributions were unimodal having a
combined median of —6.0°; b) elevation head position ranged both below and
above the straight-ahead line of sight, from —17.3° to +9.8°; and c) the IQR was
—8.1°t0 —4.2° (3.9°).

The combined RWS head position dis tribution statistics for subject #2 present the
following characteristics: a) The individual distributions were unimodal having a
combined median of —7.2°; b) elevation head position ranged both below and

above the straight-ahead line of sight, from ~19.1° to +1.8°; and c) the IQR was
-9.3°to-5.1° (4.2°).

When these four visual environments characteristics are studied in comparison for
subject #2, the following observations were made: a) The medians were all

- negative, b) NVG had the largest IQR (10.6°) and SD (6.4°), ¢) TIO and RWS
were very similar in characteristics and had the smallest ranges and IQRs, and d)
the NVG individual distributions were grouped about two different modes.

Subject #3. The summary, GVE head position distribution statistics for subject #3 present
the following characteristics: a) The individual and combined distributions were
unimodal having a combined median of —15.8°; b) for the combined distribution,
elevation head position was always below the straight-ahead line of sight, ranging
from —29.7° to —5.4°; and c) the IQR was —17.9° to —13.6° (4.3°).
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The combined NVG head position distribution statistics for subject #3 present the
following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -13° or -29°; b) the combined median was
-28.2°; ¢) for the combined distribution, elevation head position was always below
the straight-ahead line of sight, ranging from —45.5° to -0.3°; and d) the IQR was
—31.8° to —16.8° (15.0°).

The combined TIO head position distribution statistics for subject #3 present the
following characteristics: a) The individual distributions were unimodal having a
combined median of —6.4°; b) elevation head position ranged both below and
above the straight-ahead line of sight, from —18.1° to +12.6°; and c) the IQR was
—8.5° t0 -3.9° (4.6°).

The combined RWS head position distribution statistics for subject #3 present the
following characteristics: a) The individual distributions were unimodal having a
combined median of —6.1°; b) elevation head position ranged both below and
above the straight-ahead line of sight, from —21.4° to +7.5°; and c) the IQR was
-8.8° to -3.6° (5.2°).

When these four visual environments characteristics are studied in comparison for
subject #3, the following observations were made: a) The medians were all
negative; b) NVG had the largest IQR (15.0°) and SD (9.1°); ¢) TIO and RWS
were very similar in characteristics and had the smallest ranges; and d) the NVG
individual distributions were grouped about two different modes.

Subject #4. The summary GVE head position distribution statistics for subject #4 present
the following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -3°, -15° or -22°; b) the combined median
was —16.3°; c¢) for the combined distribution, elevation head position was both
below and above the straight-ahead line of sight, ranging from -29.8° to +6.7°; and
d) the IQR was —20.9° to —4.8° (16.1°).

The combined NVG head position distribution statistics for subject #4 present the
following characteristics: a) The individual distributions could be grouped into
those having medians of approximately -9° or -27°; b) the combined median was
—25.2°; ¢) for the combined distribution, elevation head position was both below
and above the straight-ahead line of sight, ranging from —39.1° to +5.7°; and d) the
IQR was —28.1° to —14.7° (13.4°).

When these two visual environments characteristics are studied in comparison for
subject #4, the following observations can be made: a) The medians were both
negative; b) GVE had the larger IQR (16.1°), NVG had the larger SD (9.2°); and c)
the NVG and GVE individual distributions were grouped about two different
modes.
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Note: Head position data for subject #4 were not available for TIO and RWS
visual environments.

Graphical comparisons

While considerable information is available in Table 4 and several pages have been
spent enumerating and comparing the distribution characteristics presented in Table 4,
distributions are often better understood through graphical techniques. In addition, the
shapes of the head position distributions under analysis generally appear to deviate from
normality and are asymmetrical, which speaks against conventional parametric analysis.
When this is the case, graphical techniques such as box plots can provide excellent
methods of comparing distributions.

The box plot technique provides a visual summary of a data set by empbhasizing a select
set of statistic values, e.g., median, quartiles, and IQR. Box plots for combined elevation
position distributions for all subjects are presented in Figures 14-17. Individual box plots
for all subjects by visual environment are presented in Appendix C.
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Figure 14. Combined elevation position box plots for subject #1.
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Figure 16. Combined elevation position box plots for subject #3.
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Figure 17. Combined elevation position box plots for subject #4.

From the combined box plots for subject #1 in Figure 14, the following characteristics
and trends can be construed: a) The GVE and NVG have the largest IQRs and are similar
in size; b) the IQRs for the TIO and RWS also are similar; ¢) the GVE and NVG medians
are relatively the same, as are those for TIO and RWS; d) all positions for GVE and NVG
were below level line of sight; e) elevation positions for TIO and RWS were generally

symmetrical about the level line of sight; and f) the TIO and RWS had outlier values
primarily in the down elevation direction.

When the individual box plots for subject #1 in Figures C-1 through C-4 are examined,
the following characteristics and trends can be construed: a) For GVE, there are two
distinctive groupings of the run distributions; the first four runs, having similar shapes,
were flown during one flight; the remaining runs were associated with two additional
flights; and, the first flight was separated by S days from the following flights, which were
on consecutive days; b) for NVG, there was a similar trend; the first two runs occurred
during the same flight and the resulting distributions were grouped; and, the next three
runs were on the following day, and the last two runs were seven days later; c) for TIO
and RWS, all runs were made during the same flight; the TIO medians and IQRs were
very similar; and, the TIO runs possessed a large number of downward- looking outliers.

- When both the combined and individual box plots for subject #1 are analyzed together,
it can be seen that there is very likely some factor that is associated with the different
flights for GVE and NVG that caused natural groupings of the elevation position
distributions. Whatever this factor was, it does manifest itself in GVE and NVG runs
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across flights. It is not possible to draw this conclusion for TIO and RWS runs since all of
these runs for subject #1 were associated with a single flight.

As a consequence of the identification of a possible confounding factor in the elevation
distributions, there is some concern over the authors’ argument (presented in the previous
azimuth analysis (Rostad et al., 2001)) that an understanding of head motion can be
simplified by performing analyses on combined distributions rather than on collections of
individual distributions. This possible confound needs to be kept in mind during the
investigation of the combined and individual box plots for the remaining subjects.

From the combined box plots for subject #2 in Figure 15, the following characteristics
and trends can be construed: a) The NVG has the largest IQR, b) all medians were
negative (downward shifted), and c) the TIO and RWS are most similar in shape.

When the individual box plots for subject #2 in Figures C-5 through C-8 are examined,
the following characteristics and trends can be construed: a) For GVE, the first five runs
and the remaining four runs belonged to separate flights on consecutive days; there was
only a minor grouping effect apparent across flights; all medians were negative and less
than —15°; and, there was a high degree of symmetry among the distributions; b) for NVG,
there were two distinct groupings of runs; these groupings were associated with separate
flights; and, all medians were negative; c) for TIO, all medians were negative; while the
four runs were across two separate flights, there was no apparent grouping effect; and,
there were considerable position data above the straight ahead line of sight, i.e., upward;
and d) for RWS, all medians were well clustered, even though the runs were divided
across two flights on consecutive days; medians were between —5° and -8°; and, there was
a higher frequency of negative (downward) outlier positions.

As with subject #1, a confound seems be present across flights for subject #2 for some
visual conditions. The possible confound manifested itself only for GVE and NVG. TIO
and RWS runs across flights did not present the grouping effect.

From the combined box plots for subject #3 in Figure 16, the following characteristics
and trends can be construed: a) The NVG has the largest range and IQR, b) all the
medians are negative (downward shifted), ¢) the TIO and RWS are most similar in shape,
and d) the TIO and RWS have outlier values at top and bottom.

When the individual box plots for subject #3 in Figures C-9 through C-12 are examined,
the following characteristics and trends can be construed: a) For GVE, all medians are
well clustered about approximately -15°; this is in spite of the fact that the individual runs
are spread across three flights; all medians are negative (downward); and, there are more
negative (downward) outliers; b) for NVG, the runs are segregated into three distinct
groupings; the groupings are associated with three separate flights; and all medians are
negative (downward); ¢) TIO runs represent two flights but do not present any grouping
characteristic; all distributions have a high degree of symmetry; there were considerable
positive (upward) positions; and, all medians are negative (downward); and d) for RWS,
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runs from three flights are presented; there is no grouping effect; there were considerable
positive (upward) positions; and, all medians are negative (downward).

The possible grouping effect demonstratively manifested itself only for NVG.

From the combined box plots for subject #4 in Figure 17, the following characteristics
and trends can be construed: a) The NVG range is greater, but the greater IQR is for GVE;
b) the medians are both negative (downward); and c) the 3rd quartiles consistently have
larger range than the 2nd quartiles.

When the individual box plots for subject #4 in Figures C-13 through C-14 are
examined, the following characteristics and trends can be construed: a) For GVE, there
were three distinct groupings associated with different flights; all medians were negative
(downward); and positive (upward) positions were present; and b) for NVG, each set of
three consecutive runs were associated with different flights; however, the first six runs
(first two flights) did not exhibit the grouping effect; runs associated with the third flight
did exhibit the grouping effect; and, all medians were negative (downward).

For subject #4, the grouping confound was very evident for GVE. It was also present to
a degree for NVG. Subject #4 did not have any TIO or RWS runs.

When all runs for all subjects and visual conditions are scrutinized, some trends
involving the possible confound are evident. First, the grouping effect across flights is
present for NVG for all four subjects. For GVE, the grouping effect is present, to some

degree, for three of the four subjects. Second, for TIO and RWS, for subjects where there
is more than one flight, the grouping effect does not present itself.

After discussions with pilots familiar with HMD flight, the following explanation for
the grouping effect is suggested. Repeatable head tracking data are dependent on the
initial boresighting alignment of the helmet with the aircraft and head tracker. This
alignment is strongly dependent on the reproducibility of the helmet fit. The greatest
degree of freedom is in the vertical alignment of the helmet; e.g., it is more difficult to
repeat the tilt of the helmet on the head from flight to flight than the lateral rotation of the
helmet. For TIO and RWS runs, the limited exit pupil position of these HMD
configurations forced the pilot to be more critical in reproducing the helmet fit and
alignment in order to achieve the HMD’s full field-of-view. Therefore, for HMD flights
(even on different days), the pilot was more likely to reproduce the helmet position
relative to the head, which reduced head tracking boresighting differences. For GVE
flights, the helmet tilt had no similar driver for reproducibility of fit, and therefore was
susceptible to alignment errors from flight to flight. This was also true for NVG runs. In
addition, for NVG runs, there is another factor that can induce vertical helmet
misalignment between flights. The NVG device has a special mounting bracket. This
bracket has multiple tilt positions. It is possible that pilots did not always use the same
mount tilt position and, instead, repositioned the helmet to achieve field-of view with the
NVG device. Therefore, based on this argument, it is reasonable to expect vertical shifts
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in the elevation position medians for the GVE and NVG visual conditions but not for the
two HMD visual conditions, TIO and RWS.

Distribution comparison

The comparison of distributions is generally accomplished using a Chi-square goodness
of fit test. However, as was shown in the azimuth position study (Rostad et al., 2001), this
test was not found to be meaningful. This finding was not surprising since the argument
previously presented for comparing combined distributions rather than individual
distributions pointed out the often considerable differences between the specific
characteristics of individual head position distributions even for the same subject
performing the same maneuver with same visual environment. For this reason, the
validity of using the Chi-square statistic to test for differences in the combined
distributions was compromised.

Because the chi-square statistic could not be used to meaningfully test for differences
between combined head position distributions, another approach was investigated. In the
azimuth analysis of the histograms, the distribution moments, and the graphical plots, a
common trend was noticed. In each analysis, there seemed to be a strong indication that
the spread of the head positions for the four visual environments exhibited a common rank
order. It was concluded that the IQR was the best metric for comparing the position
distributions. To investigate this conclusion for the current elevation data, Table 5 was
constructed to allow comparison of various spread statistics, which included the IQR, the
range and the standard deviation. Ranking within subjects is provided in parentheses.

Table 5, at first glance, does not suggest any trend in rarks of the various spread
statistics within subjects for the four visual conditions. This observation is borne out in
Table 6, where the Spearman rank-correlation values show extremely weak associations
between the spread statistics and visual environments. However, remembering the issue
of the multiple unimodal distribution groupings seen in the GVE and NVG individual
elevation distributions of some subjects, it was decided to temporarily set aside the
combined distribution analysis argument and look at, instead, the means of the spread
statistics for the individual position distributions. This results in the values and ranks
presented in Table 7. To restate, the values presented in Table 7 are those of the mean
IQR, range, and S.D. computed using the IQRs, ranges, and S.D.s for all of the individual
distributions (runs) for each subject for each visual environment.

A second use of the Spearman rank-correlation test to the new rankings based on the
individual distributions produces the new correlation coefficients presented in Table 8.
As was found with the combined distributions, there is no evidence for any strong
association between any of the spread statistics and the visual environments. Remember
that less weight must be assigned to correlations with subject #4 because only GVE and
NVG data were available.
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Comparison of IQR, range and standard deviation for combined distributions.

Table 5.

(expressed in degrees, ranks within subject given in ()

Subject | Visual environment | IQR | Range | S.D.
1 GVE 126 (1) [ 44.6 (1) | 7.2 (1)
NVG 12.1 (2) 6.9 (2)

T35

36.1 (2)

"GVE

16.1 (1)

3 ‘ 243 (4)
3 NVG 15.0 (1) | 452 (1)
3 TIO 46(3) | 30.7(2)
3

289 3)

36.5 (2)

2\ \\

NVG

13.4 (2)

44.8 (1)

Spearman rank-correlation coefficients for IQR, range and standard deviation for
combined distributions.

Table 6.

In summary, the investigation of elevation head position fails to find any distribution
spread statistic that can be used to discriminate between elevation position distributions
for the four visual environments. However, the two measures of central tendency, the
mean and median, are consistently greater in the downward direction for the GVE and
NVG conditions than for the two HMD conditions, TIO and RWS.
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Table 7.
Comparison of IQR, range and standard deviation means for individual distributions.
(expressed in degrees, ranks within subject given in ())

Subject | Visual environment | IQR Range S.D.
1 GVE 20(2) |238(1)] 35 Q)
1 NVG 42(1) 18002 |3.6()
1 TIO 36(3) | 16503)]2803)
1 RWS 32(4) | 15.6(4) | 2.4 (4)
— GVE  Ja9() B9 [400)
2 NVG 470) 2422 470)
2 TIO 2.0(3.5 ] 202(3) | 32 3)
2 RWS 14035 (1634 [30(4)
3 GVE 384 | 1743|304
3 NVG 57(1) |22.1(3)]40(2.5)
3 TIO 44(3) [250(1)[40(25)
! 3 RWS _ [51) 237 43()
— GVE 220 |1510)[290)
4 NVG 60(1) |232(1) [44(D)
Table 8.

Spearman rank-correlation coefficients for means of IQR, range and standard deviations
for individual distributions.

IQR | Range S.D.

#2 | #3 [#l | s # |#mp] (#1|#2] #3 |#4
o 408 02 [+ fHTE | 4+1]-08]-1 [ +1]-0.6] +1
03 -1l ] ]-08]-1 B -0.6] +1

e B3V K2 NS L #3 ) N RS

Rate analyses

Up to this point, all of the characteristics of head motion that have been investigated
have related to position. As was learned in the azimuth position analysis study (Rostad et
al., In press), additional information regarding head motion can be obtained from
investigating the frequencies, magnitudes and rates (velocities) of change in head position.
Three characteristics for an investigation of change in head position are reversals,
excursions, and head velocities. Reversals, which measure frequency of head movement,
are defined as the number of times that the pilot changes movement from one direction to
the other during the cycle. Excursions (magnitudes) are a measurement of the angular
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distance that the pilot’s head travels in degrees between reversals, and velocities are a
measure of the rate of speed in which the pilot moves his head during excursions.

Reversals

This temporal characteristic is based on the number of times the pilot reverses head
movement from one direction to the other, e.g., reversing from moving upward to moving
downward. To account for the differences in run times, a reversal rate, expressed as the
number of reversals per minute, was adopted. Tables D-1 to D-4 in Appendix D present
the number of reversals and reversal rates for each run for all subjects by visual
environment. Mean reversal rates were calculated and are presented in Table 9 with rank
orders within subjects provided in parentheses. These mean reversal rates are plotted with
*1 standard deviation bars in Figure 18.

Table 9.
Mean elevation reversal rates.
Subject #1 Subject #2 Subject #3 Subject #4
GVE 33.002) 36.5(2) 34.4(1) 27.2(2)
NVG 36.3(1) 37.2(1) 31.7(2) 29.6(1)
TIO 32.9(4) 30.1(3) 26.5(3)
RWS 33.2(3) 28.4(4) 25.3(4)

Note: Means expressed in reversals per minute.

In Rostad et al. (In press), mean reversal rate was found to be, at best, only a weak
indicator of the difference in azimuth head motion within the four different visual
environments. Similarly, an examination of Figure 18 shows considerable variability in
the mean elevation reversal rates between visual environments for all of the subjects. As
with the measures of dispersion, ranking of these rates appears to be the only meaningful
analysis. For three of the four subjects, mean reversal rates for the GVE and NVG visual
environments were ranked first and second, respectively. For the three subjects for which
TIO and RWS data were present, these mean reversal rates were not well clustered in
value but were always less than those rates for GVE and NVG.

As with the measures of dispersion, the Spearman rank -correlation was used to test
correlation between subjects (Table 10). Due to the variation across subjects and the lack
of sample size, mean reversal rate is, at best, only a weak indicator of the difference in
head motion within the four different visual environments.

33




Subject #1 Subject #2
@ 45 @ 45
2 40 g 40
£
“!;’_ % t g 22 [ r
@ 30 ° 1
& 25 @ 25
§ 20 S 20
o ]
(4
€ 15 s : e 15 t : :
GVE NVG TIO RWS GVE NVG TiO RWS
Subject #3 Subject #4

¢ T g s 45
2w | 240

|| £
€ || Ess
8 |l &
230 5 1| 30
& 25 || 825
o i °
> 20 ! > 20
o ‘ ]
€ 15 : : : 1| © 15 : : :

GVE NVG TIO RWS GVE NVG TIO RWS

Figure 18. Reversal standard deviation charts showing +1 standard deviation and means
by subject, by visual environment.

Table 10.
Spearman ranking correlation for mean elevation reversal rates.
Reversal Rates
i #2 #3 #4
#1 | +0.8 +0.6 +1
#2 +0.8 +1
#3 -1
#4 ;

Excursions
An additional temporal characteristic investigated was head excursions. An excursion

is defined as the distance the pilot moved his head between reversals expressed in degrees.
Distribution histograms for excursion values for individual runs for each subject and
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visual environment are presented in Appendix E. Combined histograms overlaid with
cumulative frequency curves are shown in Figures 19-22. Excursion values representing
the 25, 50", 95" and 99" percentile points are presented in Table 11 for the combined
excursion distributions. Tables summarizing the elevation excursion data by subject and

visual environment are presented Appendix F. Excursion box plots are presented in
Appendix G.

Examining the histograms, tables and box plots (Appendices E-G, respectively), the
following observations or features were noted. First, the distributions of excursions values
varied greatly even for individual runs for a given subject and visual condition. Second,
across all subjects and visual environments, the largest head excursion recorded was 27.4°.
For all subjects, across all visual conditions, 95% of the excursions were 11° or less in
size. From Table 11, the 25""-percentile values typically were 2° for each subject for all
visual conditions; the 50‘h-percentiie values were between 2° and 5°, with a typical value
of 4°, regardless of visual condition. An inspection of95'" and 99‘h-percentike values
showed no clear trend between visual conditions. Based on these values, the added head
supported weight of the NVG and two HMD conditions appeared to have had little
influence on the distribution of head excursions.

Overall, examination of the distribution of the head excursions provided no definitive
differences between the four visual environments. The distribution shapes were not well
defined for any visual environment.

In an attempt to obtain an overall serse of the range of excursions exhibited by all of the
pilots, for all of the visual environments, a histogram of excursion size combining across
all runs was constructed (Figure 23). This overall distribution has the following statistics:
Mean of 4.2°, median of 3.4°, standard deviation of 3.5°, and IQR 0of 4.2°. An overlaid
cumulative frequency curve indicates 50% of all excursions were 3° or less. The 95% and
99% excursion values were 11° and 17°, respectively. The largest (maximum) excursion
exhibited by any pilot during any run was 27.4°.
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Figure 19. Subject #1 combined excursion histograms by flight type with
cumulative frequency curve.
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Figure 20. Subject #2 combined excursion histograms by flight type with
cumulative frequency curve.
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Figure 21. Subject #3 combined excursion histograms by flight type with
cumulative frequency curve.
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Figure 22. Subject #4 combined excursion histograms by flight type with
~ cumulative frequency curve.

Total Combined Histogram

> 600 100%
S 400 75%
3 50%
o 200 2 25%
L. 0 I, 0%
o o o o O o -
~ N w < o O
Degrees

Figure 23. Overall excursion histogram for all subjects, for all visual environments.




Table 11.
Cumulative excursion percentile values.

Subject | Flight 25% 50% 95% 99%
Environment
GVE 2 5 14 19
Subject #1 NVG 2 4 9 13
TIO 2 3 8 12
RWS 1 2 8 13
GVE 3 5 14 19
Subject #2 NVG 2 4 11 16
TIO 2 4 10 12
RWS 2 3 8 10
GVE 2 4 10 11
Subject #3 NVG 2 4 12 16
TIO 2 4 11 19
RWS 2 4 16 19
GVE 2 3 8 11
Subject #4 NVG 2 4 14 19
TIO s o o None :

Note: All values expressed in degrees.

Velocity

Biomechanical and physiological data (Durluch and Mavor, 1995) support unloaded
elevation head velocity values as high as 300°/sec. Larger peak velocity values are
associated with increasing size of head motion excursions. It is very likely that when the
head is supporting additional weights of HMDs, peak velocity values would be less.

For these analyses, all velocity values were expressed as positive in value. There was
no attempt to separate velocities of motions upward from motions downward. Velocity
values were calculated from the time-sequenced elevation position data using an algorithm
based on the central derivative (Bloch, 2000). The algorithm calculated the instantaneous
velocities at the middle of a moving three-point interval of the time-sequenced data.
Velocities at the initial and final data points were not calculated. An inspection of the
resulting velocities verified there were no artifacts introduced by the derivative process.

Velocity distribution histograms

As with head position data, the use of histograms to represent the velocity distributions
is a fundamental technique in the understanding of head motion. The histograms
presented herein use 1-degree per second (°/sec) intervals. Also, as with the position data,
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for the combinations of four subjects, four visual environments and two LOAs, there were
103 elevation velocity distributions available for analysis.

Individual velocity distributions. Subject #1 has a total of 25 velocity histograms that

represent the various combinations of LOA, run type and visual environment; subject #2
has 24 histograms; subject #3 has 34 histograms; and subject #4 has 20 histograms. The
resulting individual velocity histograms, with cumulative frequency curves overlaid, are
presented in Appendix H. Examining these individual histograms for general
characteristics and trends for each subject and visual condition yields the following;

Subject #1. The individual GVE head velocity distributions for subject #1 (Figure H-1)

present the following characteristics: a) Cumulative frequency curves become
asymptotic at velocities approximately 20°/sec to 30°/sec; and b) the beginning
slopes of the cumulative frequency curves generally are not very steep, implying
that the low velocity values are spread out.

NVG head velocity distributions for subject #1 (Figure H-2) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
approximately 15°/sec to 25°/sec; and b) the beginning slopes of the cumulative
frequency curves are steeper than for the GVE visual.

TIO head velocity distributions for subject #1 (Figure H-3) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities

near 15°/sec; and b) the beginning slopes of the cumulative frequency curves are
steeper than for the GVE and NVG visual conditions.

RWS head velocity distributions for subject #1 (Figure H-4) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
near 15°/sec; and b) the beginning slopes of the cumulative frequency curves are
steeper than for the GVE and NVG visual conditions comparably as steep as the
TIO visual environment.

Subject #2. The GVE head velocity distributions for subject #2 (Figure H-5) present the

following characteristics: a) Cumulative frequency curves become asymptotic at
velocities approximately 20°/sec to 40°/sec; and b) the beginning slopes of the
cumulative frequency curves have a gradual rise implying that the frequency of the
low velocity values are spread out over a larger range.

NVG head velocity distributions for subject #2 (Figure H-6) present the following
characteristics: a) Cumulative frequency curves are not consistent and become
asymptotic at velocities approximately 15°/sec to 25°/sec; and b) the beginning

slopes of the cumulative frequency curves are steeper than for the GVE visual
condition.




TIO head velocity distributions for subject #2 (Figure H-7) present the following
characteristics: a) Cumulative frequency curves are not consistent and become
asymptotic at velocities approximately 20°/sec, and b) the beginning slopes of the
cumulative frequency curves are steeper than the GVE and NVG visual conditions.

RWS head velocity distributions for subject #2 (Figure H-8) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
approximately 15°/sec; and b) the beginning slopes of the cumulative frequency
curves are steeper than for the GVE and NVG, but slightly steeper than TIO.

Subject #3. The GVE head velocity distributions for subject #3 (Figure H-9) present the
following characteristics: a) Cumulative frequency curves are not consistent and
become asymptotic at velocities between 15-24°/sec; and b) the beginning slopes
of the cumulative frequency curves vary, but in general have a gradual rise
implying that the frequency of the low velocity values are spread out over a larger
range.

NVG head velocity distributions for subject #3 (Figure H-10) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
between 20°/sec and 25°/sec, with one exception at 35°/sec; and b) the beginning
slopes of the cumulative frequency curves are even more gradual than for the GVE
visual condition.

TIO head velocity distributions for subject #3 (Figure H-11) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
between 13-23°/sec; and b) the beginning slopes of the cumulative frequency
curves vary greatly.

RWS head position distributions for subject #3 (Figure H-12) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities
between 15-23°/sec; and b) the beginning slopes of the cumulative frequency
curves vary greatly.

Subject #4. The GVE head velocity distributions for subject #4 (Figure H-13) present the
following characteristics: a) Cumulative frequency curves are not consistent and
become asymptotic at velocities between 12-25°/sec; and b) the beginning slopes
of the cumulative frequency curves vary greatly from very seep to moderately
gradual.

NVG head velocity distributions for subject #4 (Figure H-14) present the following
characteristics: a) Cumulative frequency curves become asymptotic at velocities of

between 15-25°/sec; and b) the beginning slopes of the cumulative frequency
curves are more consistent than, but similar to, the GVE visual condition.
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Note: Head position data for subject #4 were not available for TIO and RWS visual
environments. ‘

Combined velocity histograms. As with the position data, it is argued that combined
velocity histograms are more useful in understanding the general (average) nature of head
velocities present in the shalom course flown in this study. Figures 24-27 present the
combined velocity distributions by subject and visual environment. Note that head
velocity data for subject #4 were available for only two visual environments, GVE and
NVG. As with the individual distributions, these combined distributions can be examined
visually for general characteristics and trends. The following observations are made:

Subject #1. The combined GVE head velocity distribution for subject #1 (Figure 24)
present the following characteristics: a) The cumulative frequency curve becomes
asymptotic near 25°/sec, and b) the 50-percent velocity value is 5°/sec.

The combined NVG head velocity distribution for subject #1 (Figure 24) shows:

a) The cumulative frequency curve becomes asymptotic at around 19°/sec, and b)
the 50-percent velocity value is 4°/sec.

The combined TIO head veEoci;y distribution for subject #1 (Figure 24) shows: a)

The cumulative frequency curve becomes asymptotic near 15°/sec, and b) the 50-
percent velocity value is 3°/sec.

The combined RWS head velocity distribution for subject #1 (Figure 24) shows: a)

The cumulative frequency curve becomes asymptotic near 13°/sec, b) the 50-
percent velocity value is 3°/sec.

Subject #2. The combined GVE head velocity distribution for subject #2 (Figure 25)
present the following characteristics: a) The cumulative frequency curve becomes
asymptotic near 30°/sec, and b) the 50-percent velocity value is 5°/sec.

The combined NVG head velocity distribution for subject #2 (Figure 25) present
the following characteristics: a) The cumulative frequency curve become

asymptotic near 20°/sec, and b) the 50-percent velocity value is 4°/sec.

The combined TIO head velocity distribution for subject #2 (Figure 25) shows: a)
The cumulative frequency curve becomes asymptotic near 20°/sec, and b) the 50-
percent velocity value is 4°/sec.

The combined RWS head velocity distribution for subject #2 (Figure 25) shows:
a) The cumulative frequency curve becomes asymptotic near 15°/sec, and b) the
50-percent velocity value is 3°/sec.
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Figure 24. Combined velocity histograms for subject #1.
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Figure 25. Combined velocity histograms for subject #2.
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Figure 26. Combined velocity histograms for subject #3.
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Figure 27. Combined velocity histograms for subject #4.

Subject #3. The combined GVE head velocity distribution for subject #3 (Figure 26)
present the following chardcteristics: a) The cumulative frequency curve becomes
asymptotic near 22°/sec, and b) the 50-percent velocity value is 4°/sec.

The combined NVG head velocity distribution for subject #3 (Figure 26) present
the following characteristics: a) The cumulative frequency curve becomes
asymptotic near 23°/sec, and b) the 50-percent velocity value is 5°/sec.

The combined TIO head velocity distribution for subject #3 (Figure 26) shows: a)
The cumulative frequency curve becomes asymptotic near 18°/sec, and b) the 50-
. percent velocity value is 4°/sec.

The combined RWS head velocity distribution for subject #3 (Figure 26) shows:
a) The cumulative frequency curve asymptotic near 20°/sec, and b) the 50-percent
velocity value is 4°/sec.




Subject #4. The combined GVE head velocity distribution for subject #4 (Figure 27)
present the following characteristics: a) The cumulative frequency becomes

asymptotic at around 19°/sec, and b) the 50-percent velocity value is 5°/sec.

The combined NVG head velocity distribution for subject #4(Figure 27) present
the following characteristics: a) The cumulative frequency curve becomes

asymptotic at around 18°/sec, and b) the 50-percent velocity value is 4°/sec.

When the above observations are examined across subjects, the 50-percent velocity
values range from 3-5°/sec for all visual conditions. In general, the asymptotic velocity
values are greater for the GVE and NVG visual conditions, and in general, for subjects #1-
3, the standard deviations in the elevation velocity values are slightly greater for the GVE
and NVG conditions than for the two HMD conditions (TIO and RWS).

As with excursions, it was useful to construct a histogram that represents all velocities
exhibited by all pilots during all runs (Figure 28). This overall distribution has the
following statistics: Mean of 5.5°/sec, median of 4°/sec, standard deviation of 5.3°/sec,
and IQR of 6°/sec. An overlaid cumulative frequency curve indicates that 50% of all
velocities were 4°/sec or less. The 95% and 99% velocity values were 14°/sec and
24°/sec, respectively. The largest (maximum) elevation velocity exhibited by any pilot
during any run was 111°/sec.
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Figure 28. Overall velocity histogram for all subjects, for all visual environments.
Velocity distribution statistics

While distribution shape provides a basic understanding of the ongoing head motion,
the semi-quantitative nature of distribution histograms does not allow for comprehensive
comparison. For this reason, distributions often are described further by the distribution’s
moments and other additional statistics. For the velocity distributions presented herein,
the maximum, mean, median, standard deviation, and IQR have been calculated.

Summary individual and combined distribution moments and statistics tables for all
subjects, grouped by visual environment, are provided in Appendix I. However, following
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the previous arguments that comparisons can be based on the combined distributions, a
summary of the calculated distribution moments and statistics by subject and visual
environment for the combined distributions only is presented in Table 12. Provided in

parentheses beside each value is the within subject rank of that value for the selected
statistic.

Table 12.
Combined elevation velocity summary by subject and visual environment.
Time expressed in seconds; other dimensional statistics expressed in °/sec, ranks within
subject given in ().

Subject Visnal Time | Max | Mean | Median S.D. IQR
Environment
1 GVE 690.6 | 57.0 | 7.0(1) 5.0 6.6(1) 2.0109.0(1)
i NVG 467.2 | 46.0 | 5.3() 4.04) 4.8(2) 2.0t07.0(2.5)
1 TIO 3158 | 29.0 | 41(3) | 3.02.5 | 3.6(3) 1.0106.0(2.5)
1

5o | 7.5(1) 2.0 t0 8.0(2)

2
2 NVG 4.02.5) | 5.102) 2.0 to 7.0(4)
2 TIO 4.02.5) | 4.90) 2.010 8.0(2)
2

2.0108.002)

GVE
NVG
TIO

2.0 t0 8.0(2.5)
500 | 5.9(1) 2.0109.0(1)
4.03) | 4.5(4) 2.0t 7.0(4)
5.0(3) 2.0 t0 8.0(2.5)

4.0(15)
2.0(1.5)

2.0 10 7.0(2)
2.0 to0 8.0(1

-
=

To investigate the trend in ranking amongst the various velocity statistics, Tables 13
and 14 present the Spearman rank-correlation coefficients for two measures of central
tendency, mean and median, and two measures of dispersion, standard deviation and IQR.
While remembering that correlation coefficients involving subject #4 should be given less
weight because only GVE and NVG data were available, the Spearman rank-correlation
tests showed virtually no association between the visual environment and the mean,
median, standard deviation, and IQR. In other words, elevation velocity distributions

failed to provide a methodology for discriminating elevation head motion between the
four visual environments.

TIO
RWS

Graphical comparison

Graphical comparisons are based on a 5-number summary box plot employed in the
SPSS for Windows™ statistical software. The box plot technique provides a visual
summary of a data set by emphasizing a select set of statistic values, e.g., median,
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Table 13.
Spearman rank-correlation coefficients for velocity mean and median.

Mean Median
RN #3 44 | A1 #2 #3 #4
#1 - ] +0.80 | +0.60 | #1 | | +0.85 | +020 | +0.50
# L 1 0.00 G 2 L | _+0.25 | +0.50
L. | +0.60 | B 1 : +0.50
Table 14.
Spearman rank-correlation coefficients for velocity standard deviation and IQR.
S.D. IQR
R ENE #3 # | #1 #2 #3 #4
#1 Fo ] +1 | 060 | -1 || # ] +0.25 +0.10 [ -1
060 | -1 | #2_ b | - 1 -035 -1
- +1 | 0 Y
1 %4

quartiles, and IQR. Box plots for combined elevation velocity distributions for all subjects
are presented in Figures 29-32. Individual box plots for all subjects by visual environment
are presented in Appendix J. It should also be noted that extreme values have been
removed to provide a less cluttered graphical representation.

From the box plots for subject #1 in Figure 29, the following characteristics and trends
can be observed: a) the GVE box plot has the largest IQR; b) NVG and TIO have similar
IQRs; and c) median followed by NVG, and then TIO and RWS (which are equal);
however, differences were small.

From the box plots for subject #2 in Figure 30, the following characteristics and trends
can be observed: a) GVE box plot has the largest IQR and range; and b) GVE has the
largest median; however, there were only small differences between the medians for all
four visual environments.

From the box plots for subject #3 in Figure 31, the following characteristic and trend
can be construed: NVG has the largest IQR median and range; however, there were only

small differences in the box plots between all four visual environmerts.

From the box plots for subjeét #4 in Figure 32, the following characteristic and trend
can be construed: Box plots for GVE and NVG are virtually identical.

Across all subjects, a graphical comparison via box plots for the four visual conditions
failed to show any differences.
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Figure 29. Combined elevation velocity box plots for subject #1.
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Figure 30. Combined elevation velocity box plots for subject #2.
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Figure 31. Combined elevation velocity box plots for subject #3.
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Figure 32. Combined elevation velocity box plots for subject #4.
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Discussion

Verona et al. (1986) identified two major factors that influence head motion
characteristics in rotary-wing flight. The first factor is aircraft configuration, which
encompasses crewstation design, seating configuration (tandem vs. side-by-side), seat
adjustment (fore/aft and up/down), and transparency (window) locations. The second
factor is the flight task/environment, which encompasses the flight maneuver, terrain/route
familiarity, and threat level. The introduction of HMDs (to include NVGs) into the
cockpit with their reduced FOVs is an additional element of the flight task/environment
factor.

For the data analyzed herein, the aircraft had side-by-side seating and the subject was in
the left seat; 0° in elevation was associated with the level direction directly in front of
subject. The exact vertical angular subtense of the transparencies is not available.
However, an inspection of Figure 5 leads to the following observations: While dependent
on seat height adjustment and pilot height, the upward vertical visibility is extremely
limited. The lower forward vertical visibility is limited by the extended nose of the aircraft
and the forward-looking infrared (FLIR) sensor mount. Two small rectangular side
windows, one on each side, are located approximately at the position of the pilot’s feet.

The flight course was well known to the subjects, and overall, the slalom maneuver task
was relatively benign.

Considering the preceding discussion, several characteristics of the resulting head
motion for the data herein might be predicted. First, the slalom maneuver over a familiar
course witha zero threat level was not a very demanding flight task requiring large head
movements. Except for standard safety reasons, the subject might be expected to look
primarily forward. However, it would be expected that the use of HMDs would result in
an increase in the range of head motion in an attempt to compensate for the reduced HMD
FOV. Another predicted characteristic is the effect of the subject being seated in the left
seat of a side-by-side aircraft with the added vision blockage by the right-seated pilot (for
GVE and NVG). The subject had the advantage of (unmeasured) eye movement out of
the left side, but was required to rely on head motion to view right.

The impact on head motion due to the reduced FOVs for NVG, TIO and RWS visual
environments is worth exploring further. When the 47° FOV NVGs were worn, the pilot
was required to exercise a head movement in order to see an object more than
approximately 24° upward or downward from his current line of sight. For the 53°
horizontal by 37° vertical HMD used for TIO and RWS, additional head movement must
have occurred in order for the pilot to see an object more than approximately 19° from his
current line of sight. For unaided, daytime flight (GVE), the human eye has an
instantaneous FOV of roughly 120° (vertical (V)) by 150° (horizontal (H)). When both
eyes are considered, the overall binocular FOV measures approximately 120° (V) by 200°
(H) (Zucherman, 1954). Humans have the option of both eye and head rotation to assist in
viewing. However, in a static scenario, it is generally accepted that humans will use eye
movements to view objects up to approximately 15° beyond the current line of sight
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direction, beyond which head movement will occur (Bahill, Adler and Stark, 1975). It
would be reasonable to predict that between the NVG, TIO and RWS HMD visual
environments, that NVG, with the smallest instantaneous FOV, would have the greatest
"extent" of head motion. When GVE is considered, the 15° value must not be interpreted
as a value beyond which one “must” invoke head movement. While NVG, TIO and RWS
visual environments force head movements to look beyond their respective FOVs, GVE
allows for peripheral vision and head/eye combination movements, precluding forced head
movement in many situations. As a result, speculation on head movement for GVE is
difficult. In fact, it is more logical to use head motion in the GVE visual environment as a
baseline to which head motion in the NVG, TIO, and RWS visual environments are
compared.

The GVE visual environment provides the greatest FOV, that of the human visual
system, with only small losses due to the presence of the subjects flight helmet. The NVG
visual environment results in the additional head supported weight of the NVG system,
produces a forward offset center of gravity (CG), and reduces the FOV to 47°. These
factors are opposite in their anticipated impact on head motion. The additional head-
supported weight and CG offset would be expected to reduce both range of head positions
and velocities through the impact of fatigue and moment of inertia. The two HMD visual
environments, TIO and RWS, also are influenced by additional head-supported weight and
offset CG. The FOV for these two environments, at 37° vertically, is reduced with respect
to the GVE environment and slightly smaller than the 47° NVG environment. Head
motion for these two environments is further affected by the inherent delays associated
with the head tracking system and the sensor/turret gimbal.

One final factor, and initial driver for this study, is the possible influence of motion
sickness on head motion. The actual HMD design used in this study had look-under, look-
around capability. However, this capability was offset by the use of the SDVE system,
restricting external visual input to that solely provided by the FLIR imagery (and
symbology for RWS). This produced a near full-immersion system that has been linked to
the phenomenon of “cybersickness.” Cybersickness is similar to simulator sickness in that
the symptoms of motion sickness (e.g., nausea, sweating, pallor, etc.) can result from lack
of correlation between visual and vestibular sensory inputs. Of course, in this study both
inputs were present. However, imagery presented by HMDs has a measwrable delay in its
presentation due to lag times and update rates. This may manifest itself as cybersickness
(Melzer and Moffitt, 1997; Rash (Ed.), 1999).

As a final part of the discussion, it is worthwhile to compare the results of this current
investigation of head motion with the previous Verona et al. study (1986). This
comparison, while valid only for the GVE environment, would be based on the only other
head motion database available that represents operational, military, rotary-wing flight. In
Verona et al. (1986), six male U.S. Army aviators flew a modified UH-1M Huey
helicopter over a circular 15-mile contour course while wearing a prototype AH-64
Apache helmet, which allowed measurement of head position. In both studies, the aircraft
had side-by-side seating with the subject pilot in the left seat. The most significant
difference between the two studies was the level of aggression. In the study reported
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herein, the subjects were flying a well-known flight pattern in a no-threat environmert. In
Verona et al. (1986), subjects were instructed to look for a threat aircraft that would
appear somewhere in their FOV during the flight.

In Verona et al. (1986), for what would be analogous to the GVE condition in the study
reported herein, an elevation position range (across all subjects) of -65° to 35° was
reported with 95% of the time spent looking between —14° and +14°. A maximum
elevation velocity of 160%sec deg/sec was reported. Fifty percent of the elevation velocity
values were less than 33%sec; 90% were less than 80%sec.

For the current investigation, the GVE condition across all subjects (Figure 33) resulted
in an elevation position range of approximately —53° to +7°, with 95% of the time spent
looking between —31° and 0°. The elevation position range is smaller than found by
Verona et al (1986); this reduction is not surprising and is in line with the reduced flight
threat and aggression level, i.e., reduced ground speed (~30 knots versus 50 knots), in the
most recent investigation.

The major peak in elevation position in the current investigation occurred at —17°; the
pilot’s head remained essentially in a below level direction. This is in contrast to the near
level direction (-1°) peak position found by Verona et al. (1986). The most reasonable
explanation for this difference is again the reduced flight threat and aggression level in the
most recent investigation. The previous investigations required an aggressive search
pattern for a threat aircraft.

The maximum GVE elevation velocity for the current investigation was 111° /sec.
Fifty percent of the elevation velocity values were less than 3°/sec; 90% were less than
14° /sec. A combined GVE velocity distribution for all subjects is presented in F igure 34.
These values were much smaller than reported by Verona et al. (1986), as would be
expected.

Total Combined Position
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0 0%
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Figure 33. Frequency histogram for current study GVE elevation position combined for
all subjects.
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Figure 34. Frequency histogram for current study GVE elevation velocity combined for
all subjects.

Summary

Position analyses

As was found with the analysis of azimuth head motion (Rostad et al., 2001), there was
great variability in head position data, both within and between subjects. This is not a
surprising finding in view of the many factors involved in rotary-wing flight. Both this
study and the one conducted by Verona et al. (1986) validate the assertion that even for
the same pilot flying the same course back-to-back under the same conditions, head
motion will be different. However, it is reasonable to expect that certain trends in head
motion may be present for a given set of conditions. This is the argument put forth herein
and in the previous azimuth amlyses (Rostad et al., 2001).

Perhaps the most significant finding in this investigation of elevation position was the
failure to identify any distribution statistic that would serve as a discriminator between
visual environments. Rostad et al. (2001) had shown that the IQR spread statistic was a
useful discriminator between visual environments for azimuth head position. The authors
suggest that this failure is due to the sensitivity of elevation position data to the
repeatability of helmet fit. Another possibility is that the decreased vertical FOV through
the aircraft windscreen limits the range of elevation head motion.

However, there were some general characteristics and trends in the elevation head position
data that could be noted:
e The GVE and NVG distributions have the greater IQRs and ranges.
e The GVE and NVG means and medians are consistently greater in the downward
direction than for the two HMD conditions, TIO and RWS.
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® The two HMD conditions, TIO and RWS, have the most similar distribut ion
characteristics. These include median, range and IQR.

* Repeatability of helmet fit greatly affects elevation head position. This impact is
most apparent for the NVG visual environment where, in addition to variation in

the positioning of the helmet vertically on the head, there are multiple NVG
mounting bracket tilt positions.

Rate analyses

With regard to rate of change in head position across the four visual environments, three
parameters were investigated: reversal rates, excursions, and velbcities. Reversal rates,
which attempted to quantify the number of times pilots reversed head motion direction,
failed to show significant differences between the visual environments. However, in

general, there was a trend for higher reversal rates in the GVE and NVG (nonHMD) visual
environments.

Excursions were used as an additional measure of the angular elevation movement of
the head by the pilots between reversal points, expressed in degrees. Histograms of
excursion sizes showed elevation movements as large as 27.4°. However, none of the
distribution histograms, for any of the pilots, for any of the visual environments, showed
any high degree of similarities. All pilots had relatively large frequencies of smaller head
excursions (<5°). An analysis of all excursions collapsed across all runs indicated that
50% of all excursions were less than 3° in size; 95% were less than 11°.

Velocities exhibited for the four visual environments failed to show any differences.
Neither the mean, median or IQR statistics could be used to discriminate between the
visual environments. In addition, there was no clear trend between subjects for which
visual environments exhibited the highest velocities. However, the standard deviation for

the GVE and NVG environments were higher than for the two nonHMD environments
(TIO and RWS).

An analysis of all velocity values collapsed across all runs (Figure 28) indicated that
50% of all velocities were less than 3°/sec; 95% were less than 14°/sec. The largest
velocity exhibited by any pilot during any run was 111°/sec.

The Spearman rank-correlation tests failed to show more than a weak association
between the visual environment and the mean, median, standard deviation and IQR.

Therefore, none of these statistics could be used for discriminating between visual
environments.

Conclusions
This investigation had two objectives. The first was to expand the understanding of the

head motion of (Army) pilots in an operational rotary-wing environment, especially while
wearing various HMD configurations. The second objective was to identify which
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characteristics of head motion position and velocity data could be used to differentiate
between head motion distributions (e.g., different visual flight environments).

The first objective was met via the construction of frequency histograms for the
measured head positions, excursions, and velocities for four different visual flight
conditions, i.e., GVE, NVG, TIO, and RWS. These distributions were defined by the
calculation of their moments (i.e., mean, standard deviation, skewness, and kurtosis) as
well as additional statistics (e.g., minimum, maximum, median, IQR, etc).

The position distributions for elevation did not show any strong trends as were found in
the previous azimuth analysis. Head position was fully contained within the range of
approximately -53° (down) and +13° (up), for a total of 66°. When the spread of head
position values was examined by visual environment, the GVE and NVG environments
generally produced the greatest IQR, range and standard deviation for each subject.

Similarly, the elevation velocity data showed no trends. The maximum velocity
exhibited by any pilot for any visual environment was 111°/sec. The mean and median
velocities were 5.5°/sec and 4°/sec, respectively. For all velocity distributions combined,
50% of all velocities were 3°/sec or less; 95% were 14°/sec or less; and over 99% of all
velocities were less than 24°/sec. When velocity distributions were compared by visual
environment, no single visual environment consistently produced any predominant
characteristics.

The second objective to identify one or more distribution statistics to allow
discrimination between head motion in the various visual environments was achieved
indirectly by the finding that none of the distribution statistics could be used to
differentiate between head velocity distributions.

In conclusion, while the previous investigation of azimuth head motion demonstrated
the usefulness of one or more distribution spread statistics as a mechanism to discriminate
between head motion in various visual environments, the current investigation seems to
indicate that characteristics of elevation head motion do not vary enough to allow a similar
discrimination.
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Appendix A.

Elevation position distributions.
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Figure A-1. Subject #1 GVE head position data.
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Figure A-2. Subject #1 NVG head position data.
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Figure A-12. Subject #3 RWS head position data.
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Figure A-13. Subject #4 GVE head position data.
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Figure A-14. Subject #4 NVG head position data.
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Appendix B.

Summary tables of elevation position distributions by visual environment.
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Table B-1.
Summary of moments and statistics for elevation position, slalom course, GVE.
(elevation values expressed in degrees)

Subject Run Time Min Max | Mean | Median | S.D. IQR Skew Kurt
1 116 76.9 -342 | -8.1 -16.8 -16.8 3.8 -18.6 to —14.3 -1.1 3.2
1 117 75.7 -33.1 -9.4 -16.6 -16.5 3.1 -17.9 t0 -15.0 -1.7 6.8
| 118 76.9 -32.3 -8.1 -15.0 -14.8 3.0 -16.4 to -13.3 -1.5 6.2
] 119 76.0 -264 | -8.6 -15.1 -15.1 2.7 -16.7to—13.2 -0.4 0.8
1 128 452 -42.3 | -20.3 -29.9 -30.0 4.4 -32.8 10 —26.9 -0.2 -0.4
1 129 48.1 -414 | -204 | -29.9 -29.8 2.8 -31.2t0 -28.2 -0.6 2.2
1 130 48.6 -39.0 | -17.8 -28.9 -28.9 3.1 -30.7 to -27.1 -0.1 1.3
1 131 43.8 -52.7 | -19.1 -29.0 -28.3 4.0 -30.8 to —26.4 -1.3 3.7
1 132 45.6 -443 | -14.8 -28.0 -27.6 4.8 -30.8 to —24.7 -0.4 0.4
| 133 49.8 -42.0 | -19.1 -274 -27.0 34 -29.4t0 -25.3 -0.6 1.5
] 134 51.1 -359 { -18.7 | -27.6 -27.8 2.9 -29.5t0 —25.8 0.2 0.1
! 135 52.9 -41.2 | -149 | -273 -27.0 3.7 -28.9t0-25.0 -0.7 1.3
Combined | -~ 690.6 | -52.7 | -8.1 -22.9 -24.3 7.2 -28.8 to —16.2 0.0 -1.1
2 147 68.4 -27.8 | -5.0 -15.6 -15.4 4.4 -18.1t0-12.7 -0.2 0.0
2 148 65.1 -32.3 -4.5 -15.2 -15.4 3.7 -17.7to-12.6 -0.3 0.8
2 149 71.7 -26.2 | -8.6 -16.2 -16.0 3.0 -17.9 to —14.1 -0.4 -0.1
2 150 73.9 -27.3 -2.7 -16.0 -16.0 3.8 -18.5t0—13.7 0.2 0.5
2 151 47.0 -315 | -84 -20.2 -21.3 4.6 -23.6t0—17.3 0.5 -0.4
2 152 52.2 -42.0 | -9.1 -21.0 -20.9 4.0 -23.5t0-19.4 -0.2 2.8
2 153 51.7 -40.6 -8.4 -20.0 -20.3 4.0 -22.5to-17.7 -0.1 2.0
2 154 50.4 -36.4 | -10.3 -22.7 -22.8 4.1 -25.3 10 -20.3 0.1 0.6
Combined |~ morl 4804 | -42.0 | <27 -18.0 -17.7 4.7 -21.3 to —-14.6 -0.2 0.2
3 47 74.8 -23.1 -8.0 -15.6 -15.7 2.6 -17.5t0-13.7 0.2 -0.4
3 48 75.7 -25.1 -7.0 -16.1 -16.2 3.1 -18.4to -14.0 0.2 -0.5
3 49 78.8 =255 [ -100 | -174 -17.4 2.5 -19.0 to -16.0 0.1 0.3
3 50 73.2 -29.7 | 9.2 -17.2 -17.0 3.0 -19.0 to —15.1 -0.5 0.6
3 54 44.6 247 | 6.6 -15.3 -14.9 3.1 -17.4t0-13.3 -0.3 -0.1
3 55 47.6 -21.1 -7.3 -14.2 -14.2 2.6 -15.8t0 -12.0 -0.1 -0.4
3 56 46.5 -25.6 | -84 -15.0 -14.6 3.0 -16.9to -13.1 -0.5 0.3
3 57 49.0 -25.0 | -8.1 -15.1 -15.4 3.2 -17.5t0-12.4 0.1 -0.8
3 64 50.6 -25.5 -5.4 -15.3 -15.2 3.2 -17.1t0-13.2 -0.2 0.2
3 65 46.8 -244 | -6.6 -15.1 -15.1 3.4 -17.3 to -13.1 0.0 0.0
3 66 46.7 -23.8 | -64 -15.1 -15.5 3.0 -17.3t0-13.0 0.2 -0.1
3 67 43.4 =257 | -74 -15.8 -15.7 2.8 -17.7t0-13.9 -0.3 0.6
Combined |- | 6777 | -29.7 | -54 -15.8 -15.8 3.1 -17.9 to —13.6 0.0 0.0
4 75 724 -289 [ -15.7 | -21.0 -21.2 2.3 -22.6 to —19.1 0.0 -0.4
4 76 69.0 -27.3 | -153 -21.6 -21.6 1.8 -22.7t0-204 0.0 0.4
4 77 79.8 -29.8 | -14.8 -22.5 -22.6 2.4 -23.9to -21.0 0.1 0.0
4 81 42.0 -229 | 69 -15.0 -15.5 34 -17.8t0-12.9 0.5 -0.7
4 82 42.6 -234 | 75 -15.5 -16.3 3.2 -17.8t0-12.8 0.4 -0.6
4 83 46.0 -22.0 | -5.0 -14.3 -14.7 3.0 -16.4t0-12.3 0.5 -0.2
4 84 45.0 -22.3 -5.5 -15.2 -16.0 3.4 -17.5t0-13.5 1.0 0.5
4 92 444 -9.4 5.2 -2.4 -2.6 2.9 -4.5 t0 -0.3 0.2 -0.5
4 93 43.6 -10.8 4.0 -2.9 -3.7 3.0 -5.3t0-0.9 0.4 -0.6
4 94 48.0 -7.7 6.7 -1.8 -2.5 3.1 -4.4t00.7 0.5 -0.7
4 95 49.2 -9.7 5.6 -1.6 -2.3 3.3 -4.2t0 1.4 0.2 -0.8
Combined | -~ 582 -29.8 6.7 -13.5 -16.3 8.7 -20.9 to 4.8 0.4 -1.2
AllSubjects |-+ 7] 2430.7 | -52.7 6.7 -17.7 -17.2 7.3 -21.9 to -13.9 0.1 0.7
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Table B-2.
Summary of moments and statistics for elevation position, slalom course, NVG.
(elevation values expressed in degrees, time in seconds)

: Subject Time | Min | Max | Mean | Median | S.D. IQR Skew | Kurt
1 1057 §-238 | -64 |-15.0 |-15.0 3.1 -17.4t0-12.6 | -0.1 -0.6
1 98.2 239 148 1-13.8 |-14.0 33 -15910-11.0 | -0.2 -0.1

. 1 513 -33.7 1-17.7 1 -25.8 | -25.7 3.1 -27.7t0-23.5 | -0.1 -0.3
1 517 -32.5 | -17.7 | -25.8 | -26.1 3.1 -27.9t0-23.7 | 0.3 -0.4
1 511 -36.0 | -15.7 1 -248 |-25.0 3.4 -26.8t0-22.6 | -0.1 0.3
1

54.0 -46.0 | -21.3 1-287 | -28.6 3.5 -30.6t0-26.9 | -0.9 3.8
55.2 -34.3 1-20.6 | -27.6 |-27.8 2.8 -29.6 t0-26.0 | 0.2 -0.4
-46.0 | 48 |-213 |-224 6.9 -27.2 to~15.1

1
Combined

70.6 -35.7 | -9.1 -22.0 | -22.7 38 -24.8 t0-19.6
-23.7t0-19.8
-24.6 t0—18.9

2 . ' . -13.5t0-9.1
: 2 80.9 216 103 1-10.7 |-11.2 3.6. 1 -13.1t0-83
| 2 1032 1-202 |-1.5 [-11.1 |-11.6 3.5 -13.3t0-9.2

2

2

-21.4 t
3 . .7 to-28.1
3 -394 | -24.1 { -31.5 -31.1 3.0 -33.8 t0-29.1
3 -398 {-21.31|-32.2 -32.6 3.3 -34.5t0-30.2
3 252 | -13 -11.6 -11.8 4.4 -14.9 to-8.5
3 -24.7 | 0.3 -12.5 -13.0 4.6 -15.6t10-9.6
3 -21.8 | 0.9 -13.0 -13.9 4.5 -16.4t0-9.9
3 -39.5 | -144 | -27.6 -27.8 4.3 -30.8 to -24.3
3 -39.6 | -18.2 | -28.8 -29.9 4.3 -31.7t0-25.3
3 -40.5 | -16.6 | -28.1 -28.5 4.5 -31.0t0-25.3
Combined | -31.8 to —16.8

4 . -28.5t0-24.6 .
4 3.3 -27.9t0-24.8 | 0.2 1.9
4 4.0 -29.3t0-25.1 1 0.8 2.5
4 49 -29.7t0-22.7 1 0.7 0.1
4 4.3 -28.6 to-23.6 | 0.6 0.8
4 5.0 -29.91t0-22.7 | 0.8 -0.3
4 5.2 -11.7t0-4.1 |04 -0.7
4 5.1 -11.5t0-33 | 0.4 -0.9

. 4 5.0 -11.5t0-3.8 | 0.5 -0.8

Combined 2 8.1t0-14.7 | 1.0 -0.1
e e
- All -28.1 to ~134

Subjects




Table B-3.
Summary of moments and statistics for elevation position, slalom course, TIO.
(elevation values expressed in degrees, time in seconds)

Subject | Run | Time | Min | Max | Mean | Median | S.D. IQR Skew | Kurt

1 138 857 1-119] 69 -2.4 -2.3 2.7 1-38t0-0.7| -0.3 1.2
1 139 [ 109.7 | 9.5 ¢ 7.0 -1.9 -1.7 2.7 1 -3.6t0-0.2] 0.1 0.7
1 140 | 1204 | -8.7 | 5.5 -1.3 -0.9 29 | -34t1008 | -0.2 | -0.6
Combined |~ -| 3158 | -11.9 [ 7.0 -1.8 -1.7 28 | -3.6t00.0 | -0.1 0.3

i

165 70.0 |-13.7] 3.1 -5.4 -5.4 32 {-7.6t0-3.2 ] 0.1 -0.4

164 | 825 {-15.1] 43 -5.5 -5.4 34 |-79t0-34] 00 | -0.1

NN

166 | 80.1 [-173] 9.8 -6.7 -6.8 3.7 | -9.0t0-5.1 1.2 38

2 167 88.1 |-1521 23 -6.3 -6.3 26 |-79t0-47] 0.0 0.5

e

Combined 320.7 | -17.3 | 9.8 -6.0 -6.0 33 | 8.1to-42| 04 1.3

Ta2 | 700 |-181] 126 ] 60 | %5 | 51 | 91t0-40| 1.0 | 20

145 89.3 {-149] 88 -5.1 -5.2 37 1-75t0-3.1| 0.8 1.8

146 1 979 |-159] 109 | -5.1 -5.3 39 | -74t0-29] 0.8 2.6

Wlw|w]|wi:

155 71.9 | -1591 9.1 -6.7 -7.3 43 1 9.6t0-47] 1.2 2.0

3 157 844 |-164] 2.0 -7.2 -1.5 29 [ -89t0-59{ 04 1.0

Combined | | 4144 | -18.1 | 12.6 | -5.9 -6.4 4.1 [ 85t0-39| 1.0 24

None

Al | | 10509 [-18.1| 126 | 50 | 53 | 46 |82to-15| 03 | 05
Subjects E
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Table B-4.
Summary moments and statistics for elevation postion, slalom course, RWS.
(elevation values expressed in degrees, time in seconds)

Subject | Run | Time | Min | Max | Mean | Median | S.D. IQR Skew | Kurt
1 141 | 106.2 | -11.6] 5.8 -0.3 0.1 26 | -2.1t015 0.6 1 04
1 142 | 102.0 | -104 | 4.7 -0.2 0.4 2.5 -16t014 -1.0 1.2
1 143 § 1200 | 8.2 | 6.1 -0.1 0.1 22 | -l16t0l5 0.2 § 0.0

{ 328.2 | -11.6 24

-1.7t0 1.4

. -8.7t0-4.1 . .
28 | -102t10-64| 04 | 03
26 § 99t0-65 | 05| 0.2
34 1 93t0-45 | 05| 0.0
2.8 | -8410-43 0.2 | 0.5
3.0 | -7.810-43
-9.3 to 5.1

. . -7.3t0-3.2 .
-6.5 33| -85t0-48 | 04 | 06
4.8 48 | -6.7t0-2.5 0.4 0.6
4.3 42 1 -6.6t0-1.2 0.2 -0.4
-7.7 -7.7 47 1 -109t0-50} 04 0.3
-7.5 -8.4 44 | -10.0t0-531] 0.6 1.5
-7.5 -8.2 48 | -11.0t0o-46]| 06 | 0.1
-4.7 4.9 47 | -7.8t0-1.6
-8.8to-3.6

82t0_15
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Appendix C.

Elevation position box plots.
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Figure C-1. Subject #1 GVE box plots.
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Figure C-2. Subject #1 NVG box plots.
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Figure C-3. Subject #1 TIO box plots.
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Figure C-4. Subject #1 RWS box plots.
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Figure C-5. Subject #2 GVE box plots.
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Figure C-6. Subject #2 NVG box plots.
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Figure C-7. Subject #2 TIO box plots.
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Figure C-8. Subject #2 RWS box plots.
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Figure C-9. Subject #3 GVE box plots.

20

10 »

Degrees
S

-30 «

-40 o

-50 «

N= 7;8 71;9 682 505 5;9 52-‘6 536 538 488 5251
51 52 53 58 59 60 68 69 70 Combined

Figure C-10. Subject #3 NVG box plots.
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Figure C-11. Subject #3 TIO box plots.
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Figure C-12. Subject #3 RWS box plots.
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Figure C-13. Subject #4 GVE box plots.
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Figure C-14. Subject #4 NVG box plots.
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Appendix D.

Elevation reversal summary tables.
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Table D-1.
Summary statistics for elevation reversals, slalom course, GVE.
(expressed in degrees)

Subject Run Time # of Rev/min
Reversals

* ] 116 76.9 47 36.7
! 117 75.7 38 30.1

1 118 76.9 38 29.6

. I 119 76.0 35 27.6
I 128 45.2 26 34.5

I 129 48.1 25 31.2

I 130 48.6 31 38.3

1 131 438 24 329

1 132 45.6 29 38.2

I 133 | 498 22 26.5

. 1 134 51.1 30 352

I 135 52.9 31 35.2

Combined 690.6 376 . 327

2
2
2
2
2
2
2

2
Combined

3
3
3
3
3 54 44.6
3 55 47.6
3 56 46.5
3 57 49.0
3 64 50.6
3 65 46.8
3 66 46.7
3 67 43.4

Combined

R N N R N R R B R N e

Combined 268 27.6

Al Subjects




Table D-2.
Summary statistics for elevation reversals, slalom course, NVG.
(expressed in degrees)

Subject Run | Time # of Rev / min
Reversals
1 108 105.7 67 38.0
1 109 98.2 73 44.6
1 110 51.3 29 33.9
1 111 51.7 38 44.1
1 112 51.1 27 31.7
1 121 54.0 29 32.2
1 123 55.2 27 293
Combined} -~ | 467.2 | ' 290 37.2
2 171 80.0 53 39.8
2 172 80.9 46 34.1
2 173 103.2 69 40.1
2 177 70.6 43 36.5
2 178 63.0 40 38.1
2 179 543 31 343
Combined| " - ] 452.0 282 374
3 51 71.8 40 334
3 52 73.9 48 39.0
3 53 68.2 40 35.2
3 58 50.5 30 35.6
3 59 51.9 26 30.1
3 60 52.6 27 30.8
3 68 53.6 32 35.8
3 69 53.8 12 13.4
3 70 48.8 26 32.0
Combined} [ 525.1 281 32.1
4 78 95.3 45 28.3
4 79 81.9 50 36.6
4 80 83.9 50 35.8
4 85 52.7 27 30.7
4 86 56.0 24 25.7
4 87 49.8 19 229
4 96 44.6 26 35.0
4 97 47.0 26 332
4 98 46.1 14 18.2
Combined} ... | 5573 281 30.3
All .| 2001.6 1134 34.0
Subjects




Table D-3.
Summary statistics for elevation reversals, slalom course, TIO.

(expressed in degrees)

Subject Run Time # of Rev /min
Reversals
i 138 85.7 42 294
] 139 109.7 62 33.9
1 140 120.4 71 354

315.8

163 |

33.2

2 70.0 34 29.1
2 164 82.5 46 33.5
2 166 80.1 36 27.0

167 88.1 45 30.6

; 70.9\\ L

3 144 23 19.5
3 145 89.3 44 29.6
3 146 97.9 47 28.8
3 155 71.9 32 26.7
3 157 84.4 39 277

Subjects

91




Table D-4.
Summary statistics for elevation reversals, slalom course, RWS.
(expressed in degrees)

Subject Run Time # of Rev /min
Reversals
1 141 106.2 55 31.1
1 142 102.0 58 34.1
1 143 120.0 69 34.5
Combined k.~ -~ 328.2 182 33.3
2 168 83.2 31 22.4
2 169 89.1 43 29.0
2 170 101.1 46 273
2 174 63.6 34 32.1
2 175 65.0 31 28.6
2 176 63.8 33 31.0
Combined [ - 465.8 218 T 28.1
3 158 71.2 25 21.1
3 159 94.8 50 31.6
3 161 61.2 24 23.5
3 162 55.3 27 29.3
3 180 59.6 26 26.2
3 181 58.9 26 26.5
3 182 529 17 19.3
3 183 439 18 24.6
Combined |} 497.8 213 25.7
4 None
All : 1291.8 613 285
Subjects :
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Appendix E.

Elevation excursion distributions.
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Figure E-1. Subject #1 GVE head position excursion histograms.
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Figure E-2. Subject #1 NVG head position excursion histograms.
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Figure E-3. Subject #1 TIO head position excursion histograms.
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Figure E-4.
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Subject #1 RWS head position excursion histograms.
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Figure E-5. Subject #2 GVE head position excursion histograms.
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Figure E-7. Subject #2 TIO head position excursion histograms.
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Figure E-8. Subject #2 RWS head position excursion histograms.
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Figure E-9. Subject #3 GVE head position excursion histograms.
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Figure E-10. Subject #3 NVG head position excursion histograms.
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Figure E-11. Subject #3 TIO head position excursion histograms.
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Figure E-12. Subject #3 RWS head position excursion histograms.
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Figure E-13. Subject #4 GVE head position excursion histograms.
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Figure E-14. Subject #4 NVG head position excursion histograms.




Appendix F.

Elevation excursion summary tables.
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Table F-1.

Summary statistics for elevation excursions, slalom course, GVE.
(excursion values expressed in degrees)

Subject Run Time # of Exe/min Min Max Mean Median S.D. IQR
Excursions
] 116 76.9 48 375 0.1 17.9 5.1 4.0 4.1 2.2-7.1
] 117 75.7 39 309 0.1 18.2 4.0 2.3 4.5 1.1-4.6
1 118 76.9 39 30.4 0.0 18.0 43 3.6 43 1.0-5.9
1 119 76.0 36 284 0.1 13.8 39 32 33 1.6-4.7
i 128 45.2 27 38.5 0.6 16.5 8.4 8.7 4.1 1.7-10.8
1 129 48.1 26 32.5 0.0 14.5 4.4 2.6 4.2 1.3-7.0
1 130 48.6 32 39.5 0.1 18.8 5.5 4.8 4.2 2.6-7.6
1 131 438 25 342 0.3 26.8 63 5.1 5.8 38-5.8
1 132 45.6 30 39.5 0.5 18.9 7.0 6.4 4.7 3.0-10.0
1 133 49.8 23 27.7 0.4 14.7 44 34 4.1 1.1-5.0
1 134 51.1 31 364 0.7 9.9 39 3.2 25 2.1-53
1 135 52.9 32 36.3 1.1 16.1 7.0 7.9 4.6 2.6-94
Combined 690.6 388 337 0.0 26.8 5.2 4.2 4.4 1.8-75
2 147 68.4 48 42.1 0.3 17.1 6.8 6.0 4.6 3.0-9.7
2 148 65.1 33 304 0.2 20.3 5.2 3.8 4.4 2.7-6.5
2 149 71.7 40 335 0.3 15.0 44 3.8 33 2.0-5.7
2 150 73.9 43 349 0.7 13.9 5.6 4.9 3.7 2.5-8.2
2 151 47.0 34 434 0.4 15.8 7.0 6.8 3.8 4.2-9.0
2 152 52.2 33 37.9 0.8 18.4 5.5 4.6 4.3 2.5-7.7
2 153 51.7 32 37.1 03 234 59 5.1 5.1 2.7-6.8
2 154 50.4 34 40.5 0.6 i5.9 6.4 6.1 3.4 4.1-8.5

Combined 480.4 297 37.1 0.2 23.4 5.9 5.0 4.1 29-8.2

2430.7




Table F-2.
Summary statistics for elevation excursions, slalom course, NVG.
(expressed in degrees)

Subject Run | Time # of Exc/ { Min | Max | Mean | Median | S.D. IQR
Excursions | min

1 108 105.7 68 38.6 0.0 8.4 3.6 3.2 2.3 2.0-4.7

1 109 98.2 74 45.2 0.1 9.3 3.8 3.4 2.4 4.9-54

1 110 51.3 30 35.1 0.0 12.9 4.1 3.8 3.0 1.2-54

1 111 51.7 39 45.3 0.2 11.6 3.9 3.2 3.2 1.4-4.4

1 112 51.1 28 32.9 0.3 12.9 4.11 . 3.2 3.2 1.9-4.9

1 121 54.0 30 333 0.0 17.9 42 2.5 43 1.4-3.9

i 123 55.2 28 304 0.0 9.7 3.3 2.5 2.6 1.5-5.2
Combined | | 467.2 297 38.1 0.0 17.9 38 3.2 29 1.6 -5.2
2 171 80.0 54 40.5 0.2 11.6 4.2 3.7 3.1 1.6-6.2

2 172 80.9 47 349 0.0 144 5.0 5.0 34 2.3-6.3

2 173 103.2 70 40.7 0.1 12.2 4.1 3.7 3.0 1.6-6.0

2 177 70.6 44 374 0.1 20.44 4.9 4.1 1.2 2.0-6.0

2 178 63.0 41 39.0 0.5 12.8 4.6 3.6 3.2 2.3-6.2

2 179 54.3 32 354 1.1 16.5 5.3 4.3 3.6 3.0-6.6
Combined F.-- | 452.0 288 38.2 0.0 20.4 4.6 3.9 3.4 1.9-6.3

3 71.8 41 34.3 0.3 10.8 4.8 4.2 2.7 3.0-6.1

3 73.9 49 39.8 0.1 8.6 3.5 3.8 24 1.1-5.8

3 68.2 41 36.1 0.0 9.6 3.5 2.7 2.6 1.5-5.0

3 50.5 31 36.8 14 17.4 5.7 4.7 3.9 3.1-6.6

3 51.9 27 31.2 0.0 14.7 54 4.1 44 1.7-9.1

3 52.6 28 31.9 0.1 15.7 5.3 4.9 3.9 2.5-7.3

3 53.6 33 36.9 0.5 13.1 4.6 3.4 3.5 2.0-6.1

3 53.8 13 14.5 0.0 6.0 1.4 0.4 2.1 0.1-2.3

3 48.8 27 33.2 0.7 16.1 5.8 4.2 4.7 2.2-9.2
Combined [ 525.1 290 33.1 0.0 17.4 4.5 3.8 3.5 1.9-6.2
4 95.3 46 29.0 0.1 11.9 4.0 3.4 3.2 1.5-5.6

4 81.9 51 37.4 0.1 15.1 4.0 3.2 3.5 1.7-4.9

4 83.9 51 36.5 0.1 15.8 4.7 3.5 3.6 2.6-7.2

4 52.7 28 319 0.1 20.2 5.0 3.0 5.4 1.1-7.9

4 56.0 25 26.8 0.0 154 4.3 3.4 3.8 1.1-6.5

4 49.8 20 24.1 0.9 19.0 6.2 34 5.5 2.0-10.8

4 44.6 27 36.3 0.3 18.3 5.4 4.9 4.3 2.5-7.9

4 47.0 27 245 0.4 17.4 5.0 2.2 5.1 1.5-6.4

4 46.1 15 19.5 0.0 20.2 4.7 3.4 4.2 1.5-6.6
Combined 557.3 290 31.2 0.0 20.2 4.7 34 4.2 1.5-6.6
All Subjects [ - 2001.6 1165 34.9 0.0 204 4.4 3.6 3.7 1.7-6.2
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Table F-3.
Summary statistics for elevation excursions, slalom course, TIO.
(expressed in degrees)

Subject | Run | Time # of Exc/min | Min | Max | Mean | Median | S.D. IQR

Excursions
1 138 85.7 43 30.1 0.0 13.3 4.0 2.9 33 1.6-5.5
1 139 109.7 63 345 0.1 7.6 32 3.1 2.1 1.3-4.8
1 140 1204 72 359 0.2 8.9 3.1 2.7 2.1 14-48

315.8

178 338 00 | 133 | 34 2.9 25 | 1.4-50

3.0 2.7-7.8

5.2
3.3 . 2.6 1.4-47
27.7 13.0 4.4 4.4 3.1 1.7-5.9
313 11.3 4.0 34 2.7 2.0-5.1
Combined | 30.9 13.0 4.1 3.6 . 2.9 1.7-5.6

_ .

3 20.3 2.2-6.5
3 30.2 1.7-6.0
3 294 2.0-54
3 27.5 2.1-6.0
3 284 1.6-5.8
Combined 1.6-58

Subjects
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Table F-4.

Summary statistics for elevation excursions, slalom course, RWS.
(expressed in degrees)

Subject Run | Time # of Exc/min | Min | Max | Mean | Median | S.D. IQR
Excursions
1 141 106.2 56 31.6 0.0 10.0 2.6 1.8 2.3 1.0-3.4
| 142 102.0 59 34.7 0.0 13.5 2.8 1.5 3.0 1.0-4.1
1 143 120.0 70 35.0 0.0 8.2 2.9 2.2 2.0 1.1-4.3
Combined [ . .| 328.2 185 33.8 0.0 13.5 2.8 1.8 2.5 1.0-4.2
2 168 83.2 32 23.1 0.2 11.1 3.6 3.2 2.7 1.4-54
2 169 89.1 44 29.6 0.1 10.0 2.9 2.4 2.2 1.3-4.3
2 170 101.1 47 27.9 0.1 10.0 2.6 1.8 24 0.8-3.5
2 174 63.6 35 33.0 0.0 8.0 3.1 3.0 2.0 1.3-4.2
2 175 65.0 32 30.5 0.1 8.4 3.1 2.9 2.2 1.2-5.1
2 176 63.8 34 32.0 0.1 8.3 3.0 2.5 2.1 1.6-4.2
Combined sl 465.8 224 28.9 0.0 11.1 3.0 2.6 23 1.2-45
3 71.2 26 21.9 0.3 15.9 5.0 3.8 4.1 2.5-7.1
3 159 94.8 51 323 0.3 15.2 3.8 2.4 3.6 1.4-4.7
3 161 61.2 25 24.5 0.5 18.1 6.7 3.5 5.7 3.1-12.1
3 162 55.3 28 30.4 0.1 16.4 5.0 2.8 5.0 1.3-8.7
3 180 59.6 27 27.2 0.1 15.6 5.4 4.6 4.4 2.2-7.9
3 181 58.9 27 27.5 0.1 27.4 4.2 2.3 5.8 1.5-3.8
3 182 52.9 18 20.4 0.9 15.7 3.2 5.5 4.4 2.7-74
3 43.9 19 26.0 0.0 234 7.0 5.7 58 3.2-10.0
Combined | .| 497.8 221 26.6 0.0 274 5.1 3.2 4.8 1.7-7.4
None
All 1291.8 630 29.3 0.0 274 3.7 2.6 35 13-48
Subjects s
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Appendix G.

Elevation excursion box plots.
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Figure G-1. Subject #1 GVE excursion box plots.
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Figure G-2. Subject #1 NVG excursion box plots.
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Figure G-3. Subject #1 TIO excursion box plots.
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Figure G-4. Subject #1 RWS excursion box plots.
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Figure G-5. Subject #2 GVE excursion box plots.
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Figure G-6. Subject #2 NVG excursion box plots.
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Figure G-7. Subject #2 TIO excursion box plots.
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Figure G-8. Subject #2 RWS excursion box plots.
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Figure G-9. Subject #3 GVE excursion box plots.
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Figure G-10. Subject #3 NVG excursion box plots.
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Figure G-11. Subject #3 TIO excursion box plots.
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Figure G-12. Subject #3 RWS excursion box plots.
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Figure G-13. Subject #4 GVE excursion box plots.
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Figure G-14. Subject #4 NVG excursion box plots.
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Appendix H.

Elevation velocity distributions.
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Figure H-1. Subject #1 GVE head velocity distributions with cumulative frequency

curves.
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Figure H-2. Subject #1 NVG head velocity distributions with cumulative frequency
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Figure H-3. Subject #1 TIO head velocity distributions with cumulative frequency curves.
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Figure H-5. Subject #2 GVE head velocity distributions with cumulative frequency

curves.
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Figure H-7. Subject #2 TIO head velocity distributions with cumulative frequency

curves.
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Figure H-9. Subject #3 GVE head velocity distributions with cumulative frequency

curves.
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Figure H-10. Subject #3 NVG head velocity distributions with cumulative frequency

curves.
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Figure H-11. Subject #3 TIO head velocity distributions with cumulative frequency

curves.
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Figure H-12. Subject #3 RWS head velocity distributions with cumulative frequency

Curves.,
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Figure H-13. Subject #4 GVE head velocity distributions with cumulative frequency

curves.
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Appendix 1.

Elevation velocity summary tables for combined distributions.
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Table I-1.
Summary statistics for elevation velocity, slalom course, GVE.
(velocity values expressed in degrees/sec, time in seconds)

Subject Run Time Min Max Mean Median | S.D. | Skewness | Kurtosis
) 1 116 76.9 0 55.0 8.1 6.0 7.7 2.1 6.5
1 117 75.7 0 48.0 5.9 4.0 5.5 2.2 8.5
1 118 76.9 0 52.0 5.9 4.0 5.6 2.2 8.6
1 119 76.0 0 57.0 5.9 5.0 6.0 2.9 14.5
" I 128 45.2 0 54.0 8.9 7.0 8.2 2.0 6.1
1 129 48.1 0 36.0 6.0 4.0 5.4 1.7 4.0
i 130 48.6 0 42.0 7.3 6.0 6.1 1.7 4.6
1 131 438 0 37.0 7.0 6.0 5.6 L5 3.3
1 132 45.6 0 53.0 9.3 7.0 8.8 2.0 4.8
I 133 49.8 0 51.0 7.0 5.0 6.5 2.0 6.6
1 134 51.1 0 34.0 6.5 5.0 5.5 1.5 3.2
1 135 52.9 0 54.0 7.5 5.0 7.4 2.2 7.4
Combined 690.6 0 57.0 7.0 5.0 6.6 2.2

8.0

147 | 684

2 0 58.0 8.5 6.0 856 2.2 6.7
2 148 65.1 0 52.0 7.2 5.0 6.8 2.2 7.6
2 149 71.7 0 42.0 6.2 4.0 5.7 1.8 4.9
2 150 73.9 0 51.0 7.0 5.0 6.8 2.0 6.0
2 151 47.0 0 59.0 8.2 6.0 8.0 2.0 6.3

f 2 152 52.2 0 78.0 8.1 6.0 8.7 3.1 14.1

| 2 153 51.7 0 111.0 7.2 5.0 8.1 53 553
2 154 50.4 0 41.0 8.7 7.0 7.5 1.4 2.5

0

LWS] RUR] %] LUNT RWST LUV ] LOS] RWW] RUS] RWS] [FR] ROS]

=] ] L] o] Fn] o) fmed Fom] o] e} in] R} Rord 2

Combined

BN PN S SN S RN BN I PN SN N

(=] [==] [==] Qo] Rote] Fou] o] L] ouw] fow] o] Ko}

Combined

All Subjects
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Table I-2.

Summary statistics for elevation velocity, slalom course, NVG.
(velocity values expressed in degrees/sec, time in seconds)

Subject Run Time Min Max Mean | Median S.D. | Skewness | Kurtosis
1 108 105.7 0 29.0 5.3 4.0 4.5 1.5 3.5
)| 109 98.2 0 30.0 5.6 4.0 4.8 1.4 2.7
1 110 51.3 0 28.0 5.7 4.0 4.8 1.3 2.1
1 111 51.7 0 36.0 5.7 4.0 5.4 2.0 5.7
1 112 51.1 0 32.0 5.1 4.0 44 1.8 5.5
1 121 54.0 0 46.0 4.8 3.5 5.4 3.7 20.7
1 123 55.2 0 27.0 4.4 3.0 4.0 1.6 3.5
Combined | ' 4672 0 46.0 5.3 4.0 4.8 2.0 7.0
2 171 80.0 0 48.0 5.2 4.0 5.2 2.5 11.4
2 172 80.9 0 45.0 5.1 4.0 53 2.5 10.5
2 173 103.2 0 34.0 5.0 3.0 5.0 1.9 4.4
2 177 70.6 0 46.0 5.5 4.0 5.0 2.3 10.4
2 178 63.0 0 26.0 5.4 4.0 4.6 1.2 1.4
2 179 54.3 0 40.0 5.6 4.0 5.0 1.8 6.6
Combined o] 4520 0 48.0 5.2 4.0 5.1 2.1 8.0
3 51 71.8 0 66.0 8.8 7.0 8.7 2.2 7.0
3 52 73.9 0 30.0 5.0 4.0 4.5 1.5 3.0
3 53 68.2 0 29.0 4.8 4.0 4.2 1.7 39
3 58 50.5 0 39.0 6.8 5.0 6.0 2.0 5.6
3 59 51.9 0 30.0 6.5 5.0 5.3 1.2 1.7
3 60 52.6 0 31.0 6.4 5.0 5.3 1.3 2.1
3 68 53.6 0 36.0 6.1 5.0 5.6 1.9 5.6
3 69 53.8 0 36.0 6.1 4.5 5.6 1.9 5.6
3 70 48.8 0 37.0 6.0 5.0 5.5 1.8 4.4
Combined [ 525.1 0 66.0 6.3 5.0 5.9 2.2 8.9
4 78 95.3 0 45.0 5.6 4.0 5.2 2.0 6.7
4 79 81.9 0 38.0 5.2 4.0 4.8 1.9 55 °
4 80 83.9 0 37.0 6.1 4.0 5.7 1.8 3.6
4 85 52.7 0 24.0 5.2 4.0 4.5 1.2 1.2
4 86 56.0 0 29.0 4.7 4.0 4.1 1.4 2.6
4 87 49.8 0 23.0 4.8 4.0 4.0 1.4 2.6
4 96 44.6 0 40.0 6.6 5.0 5.8 1.7 4.5
4 97 47.0 0 34.0 5.3 4.0 4.6 1.7 4.8
4 98 46.1 0 26.0 5.0 4.0 4.5 1.4 2.0
Combined [:°: - 557.3 0 45.0 54 4.0 4.9 1.8 5.0
All 2001.6 0 66.0 5.6 4.0 5.2 2.1 8.1
Subjects
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Table I-3.

Summary statistics for elevation velocity, slalom course, TIO.
(velocity values expressed in degrees/sec, time in seconds)

Subject Run | Time | Min | Max | Mean | Median | S.D. | Skewness | Kaurtosis
] 138 85.7 0 29.0 4.3 3.0 3.8 1.9 6.1
1 139 109.7 0 26.0 4.0 3.0 35 1.7 4.8
1 140 1204 0 24.0 4.0 3.0 3.4 1.4 2.8
0

Combined

315.8

29.0

4.1

3.6

4.7

|
2 163 70.0 0 29.0 5.4 4.0 4.7 1.5 2.9
2 164 82.5 0 28.0 5.2 4.0 4.5 1.6 3.7
2 166 80.1 0 450 5.6 4.0 5.2 2.3 9.6
2 167 88.1 0 39.0 5.5 4.0 5.0 2.0 6.2
0

Combined

3
3
3
3

3

Combined




Table I-4.

Summary statistics for elevation velocity, slalom course, RWS.
(velocity values expressed in degrees/sec, time in seconds)

Subject | Run | Time | Min | Max | Mean | Median | S.D. | Skewness | Kurtosis

1 141 | 106.2 0 244 34 2.7 3.0 2.0 6.1

1 142 | 102.0 0 470 3.9 3.0 3.9 3.5 23.4

1 143 | 120.0 0 280| 3.8 3.0 3.5 1.9 6.1

Combined | - /| 328.2 0 47.0( 3.7 3.0 3.5 2.7 15.1

2 168 | 83.2 0 220 44 3.0 3.8 1.3 1.8

2 169 | 89.1 0 300 45 3.0 4.1 1.9 5.7

2 170 | 101.1 0 270 4.2 3.0 3.8 1.9 54

2 174 | 63.6 0 390 45 3.0 4.2 2.6 13.8

2 175 | 65.0 0 290 4.6 3.0 4.0 1.7 4.4

2 176 | 63.8 0 240 4.2 3.0 3.6 1.4 2.8

Combined| =~ | 465.8 0 39.0| 44 3.0 3.9 1.8 6.1

3 158 | 71.2 0 31.0| 49 4.0 43 1.8 5.2

3 159 | 94.8 0 280| 4.6 4.0 3.9 1.5 3.1

3 161 | 61.2 0 510] 5.8 4.0 5.5 2.5 114

3 162 | 55.3 0 320| 5.5 4.0 4.9 1.7 3.8

3 180 | 59.6 0 350 63 5.0 5.4 1.6 3.2

3 181 | 58.9 0 320 6.1 5.0 5.3 1.5 2.5

3 182 | 52.9 0 350f 6.2 5.0 5.5 1.7 43

3 183 | 43.9 0 33.0( 6.2 5.0 5.5 1.6 34

%Combined b 497.8 0 51.0] 5.6 4.0 5.0 1.8 5.5
4 None

All 0 112918 0 51.0| 4.7 4.0 43 2.1 7.5

Subjects E
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Appendix J.

Elevation velocity box plots.
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Figure J-1. Subject #1 GVE head velocity box plots.
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Figure J-2. Subject #1 NVG head velocity box plots.
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Figure J-3. Subject #1 TIO head velocity box plots.
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Figure J-4. Subject #1 RWS head velocity box plots.
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Figure J-5. Subject #2 GVE head velocity box plots.
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Figure J-6. Subject #2 NVG head velocity box plots.
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Figure J-7. Subject #2 TIO head velocity box plots.
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Figure J-8. Subject #2 RWS head velocity box plots.
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Figure J-9. Subject #3 GVE head velocity box plots.
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Figure J-10. Subject #3 NVG head velocity box plots.
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Figure J-11. Subject #3 TIO head velocity box plots.
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Figure J-12. Subject #3 RWS head velocity box plots.




Velocity (degrees/sec)

Velocity (degrees/sec)

70
60
50 4
40 9
30 4
O
20 o 8
10 4 i |
o T g w L L2 w g w L] w . Ld
N= 722 688 796 418 424 458 448 442 434 478 490 5798
75 77 82 84 93 95
76 81 83 92 94 Combined

Figure J-13. Subject #4 GVE head velocity box plots.
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Figure J-14. Subject #4 NVG head velocity box plots.
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